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Abstract

The lymphotropic y-herpesvirus Epstein Barr virus (EBV) is ubiquitous within the human
population, but it is etiologically associated with several B cell malignancies. In vivo, EBV infects and
activates naive B cells to differentiate into memory B cells (MBC), where viral persistence is
established for the lifetime of the host. The oncogenic EBV nuclear antigens EBNA3A and EBNA3C are
transcriptional regulators required for EBV-mediated oncogenic progression and cell cycle
deregulation. This study encompasses in vitro and in vivo approaches to further investigate the roles
of EBNA3A and EBNA3C.

To further characterise the independent and overlapping functions of EBNA3A and EBNA3C,
bacterial artificial chromosome (BAC) and estrogen receptor (ER) fusion technology were used to
generate a recombinant EBV where EBNA3A and EBNA3C were both conditionally expressed.
Proliferation and viability analysis of primary B cells infected with this virus in vitro revealed the
absence of EBNA3A and EBNA3C is cumulatively detrimental to cells, and activation of cell cycle
regulatory factors was more profound. Protein and gPCR analysis of EBV-infected cells lacking both
EBNA3A and EBNA3C also revealed elevated levels of the plasma cell (PC) differentiation factors
p18'"Nk gnd BLIMP-1 at 20 days post infection. Consistent with increased PC differentiation factors,
flow cytometric analysis showed EBNA3A/EBNA3C-null cells had a PC-like phenotype, with increased
CD138 and CD38 cell surface antigens, alongside elevated immunoglobulin production. This suggests
that alongside their oncogenic functions, EBNA3A and EBNA3C have evolved to suppress the B cell to
PC differentiation pathway after infection with EBV. This likely favours the alternative MBC
differentiation pathway, and therefore long-term EBV latency and persistence.

To assess the roles of EBNA3A and EBNA3C jn vivo, a mouse model with human immune
system components was established. Humanised mice were infected with EBV lacking the EBNA3A
and EBNA3C genes. Immunohistochemistry and qPCR for viral factors demonstrated EBV can persist
in the absence of EBNA3A and EBNA3C expression for 6 weeks, and viral pathology was seen. The

viability of using conditional ER-fusion recombinant EBV viruses in vivo was also assessed.
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1. Chapter I: Introduction

This study focuses on the roles of the Epstein Barr virus (EBV) nuclear antigens 3A and 3C
(EBNA3A and EBNA3C, respectively) both in vitro and in vivo. Although EBV has the capacity to infect
other cell types, the biology of EBV is intimately linked with that of its primary target, the B cell. As a
result, a brief introduction to B cell biology will precede an introduction to EBV, the mechanisms the
virus employs to circumvent regulation of cellular genes, and the implications of EBV infection in vivo.

Please note that excerpts of this introduction have been directly taken from the author’s
previously published literature review (Styles et al., 2018), as per the Creative Commons Attribution
(CC BY 4.0) License (http://creativecommons.org/licenses/by/4.0/). Sections taken from this

publication are referenced accordingly.

1.1. B cell biology

1.1.1. Role of B cells and antibodies in the immune system

B cells are the principal component of the humoral immune response within the adaptive
immune system. In adults they are formed in the bone marrow (BM) from haemopoietic lymphoid
precursors and undergo multiple stages of sequential maturation and selection in BM before
circulation in the periphery as naive cells. Antigen-mediated activation leads to the complete
differentiation of mature B cell types in secondary lymphoid organs, leading to a long-lived adaptive
response.

B cells are highly specialised cells that express various immunoglobulins (lg), which are able
to bind to a practically unlimited number of antigens. Igs are glycosylated protein molecules that are
either expressed in the transmembrane surface of B cells or secreted (Hoffman et al., 2016). Surface
Ig are responsible for B cell selection, survival and activation. They form the B cell receptor (BCR)
alongside CD79a (Ig-a) and CD79b (Ig-B) which transduce signals following antigen binding (Monroe,
2006). Secreted lg, also referred to as antibodies, neutralize antigens leading to phagocyte

involvement and complement activation. Antibodies are comprised of four protein chains, two ‘light’
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chains and two ‘heavy’ chains that are linked by disulphide bonds. The antigen binding site consists of
the N-terminus of the light and heavy chains , which determines variability and specificity of the
antibody molecule (Hoffman et al., 2016). The constant region, termed Fc, comprises the C-terminus
regions of the heavy chains and distinguishes the five antibody isotypes; IgG, I1gM, IgD, IgA and IgE.
The Fc region is bound by complementary receptors on immune cells that recognise the constant
region of specific antibody isotypes, which activates an appropriate immune response. B cells also
participate in activation of T cells through presentation of antigen and production of cytokines
(Hoffman et al., 2016).

A wide repertoire of BCRs, able to recognise a vast array of antigens, are generated during the
development of B cells through the random arrangement of the Ig gene segments, which are termed
the variable (V), diversity (D) and joining (J) segments. The lymphoid specific recombinase activating
genes Ragl and Rag2, mediate random recombination of these genes leading to antigen receptor
diversity. Stringent selection check points are employed as B cells transit through differentiation and
V(D)J rearrangement, to ensure correct formation and expression of the BCR. This is followed by
negative selection processes to prevent the generation of B cells that recognise self-antigens (Thomas
et al., 2006). Self-reactive B cells either undergo additional V(D)J rearrangement or are eliminated.
Tolerance mechanisms then permit positive selection of clones with non-autoreactive BCR enabling
progression into the transitional B cell population (Hoffman et al., 2016; Wardemann et al., 2003).

The BM derived B cell population is comprised of marginal zone (MZ) B cells and follicular (FO)
B cells, with the cell fate decision dependent on BRC signalling strength in secondary lymphoid organs
(Pillai and Cariappa, 2009). Development of FO B cells is favoured by stronger BCR signals and they
migrate to B cell follicles in secondary lymphoid organs, which are adjacent to T cell zones bordering
the follicles. This permits long-lived interaction between the antigen-specific T and B cells and leads
to T cell dependent B cell immune responses. FO B cells are the most numerous B cell lineage, and are
the conventional B cell of the adaptive immune system (Hoffman et al., 2016; Pillai and Cariappa,

2009). In contrast to FO B cells, MZ B cell development is favoured by weaker BCR signals and requires
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Notch2 mediated NFkB signalling. MZ B cells are retained in the spleen and are able to self-renew,

unlike FO B cells which have a defined lifespan of a few weeks [reviewed in (Pillai and Cariappa, 2009)].

1.1.2. Antigen mediated B cell activation

Mature naive B cells continuously circulate throughout the periphery and migrate to
secondary lymphoid organs. These structures, including the spleen and lymph nodes, are strategically
located such that antigens and immune cells are brought into contact efficiently. Lymphoid organs
contain follicles which are densely populated with naive B cells. These follicles are separated by an
inter-follicular zone which borders a T cell zone. Naive B cells survey lymphoid tissue until they
encounter a complementary antigen that binds their cell surface BCR. Activation of naive B cells to B
blasts is initiated by BCR engagement with its antigen, alongside helper signals from antigen-specific
CD4*¢ T cells. BCR engagement with the antigen triggers gene expression programmes and results in
internalization of the antigen. The antigen is degraded in the endosome compartments, and the
resulting peptides are bound to major histocompatibility complex (MHC) Il molecules and trafficked
to the cell surface (Lanzavecchia, 1985).

Additional signals are provided by antigen-specific CD4* T helper (Th) cells which have been
activated by the same antigen, and whose T cell receptor recognises the antigen:MHC complex on the
activated B cell (Blum et al., 2013; Lanzavecchia, 1985). Th cells are induced to express the co-
stimulatory cell surface protein CD40 ligand (CD40L), which is bound by surface CD40 on the B cells.
This stimulates B cell activation and, consequently, proliferation and differentiation of the B blast
(Armitage et al., 1992; Liu et al., 1992). B cell activation is further modulated by Th cell induced
cytokines including as IL4 and IL21 (Crotty, 2015; Shulman et al., 2014).

Interaction with Th cells results in differentiation of B cells along either the extrafollicular or
follicular pathways. Cells entering the follicular pathway differentiate from naive B cells into plasma
cells (PCs) or memory B cells (MBCs) in germinal centres (GCs). GCs are formed in the intrafollicular
region of the lymphoid structures following expression of the transcriptional regulator B cell

lymphoma 6 (BCL6), the master regulator of GC formation [(Dent et al., 1997; Nurieva et al., 2009;

25



Shlomchik and Weisel, 2012) see Section 1.1.3 for more detail]. The extrafollicular pathway is GC
independent and involves differentiation of usually MZ B cells to short-lived IgM secreting
plasmablasts. These plasmablasts have a low affinity for the invading pathogen, and act as an early
protective measure (Pillai and Cariappa, 2009). Furthermore, it is also thought that a subset of naive
B cells can differentiate into unswitched MBC following strong CD40 signals provided by T cell

interaction, independently of the GC reaction (Kurosaki et al., 2015; Taylor et al., 2012).

1.1.3. Germinal centre reaction

GCs are histological structures transiently formed within peripheral lymphoid organs following
T cell interaction with activated B cells. The GC reaction is highly complex, and involves several distinct
timed events which are compartmentalised into different areas of the GC microenvironment.
However, many unknowns remain regarding the GC reaction [reviewed in(De Silva and Klein, 2015)].
Entry of antigen-activated B cells into the GC is thought to initiate differentiation of B cells into either
long-lived MBC or long-lived PC, which produce high affinity, isotype switched antibodies essential for
host immune defence (Hoffman et al., 2016). Antibody diversity is achieved in the GC through somatic
hypermutation (SHM) and class switch recombination (CSR) of Igs, which require the DNA-editing
enzyme activation-induced cytidine deaminase (AID) (Papavasiliou and Schatz, 2002). CSR replaces the
isotype genes, leading to antibodies with different effector functions without losing antigen
specificity. Whereas SHM introduces point mutations in Ig gene segments, leading to selection of high
affinity clones (Hoffman et al., 2016).

The current GC reaction model suggests that GC structure is broadly comprised of two
microenvironments referred to as the dark (DZ) and light zones (LZ). The DZ is comprised of densely
packed, highly proliferating B cells undergoing clonal expansion and SHM, differentiating from B-blasts
to centroblasts and loosing expression of surface Ig. As centroblasts differentiate into smaller resting
centrocytes, they stop clonal expansion, re-express Ig and migrate to the LZ (Allen et al., 20073;
MaclLennan, 1994). The LZ is more sparsely populated and contains several other immune cell types

including antigen presenting follicular dendritic cells (FDC) and follicular T helper cells (FTh). In the LZ
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antigen affinity B cell selection occurs. The BCR is tested against antigen displayed on antigen-specific
FDC and the centrocytes compete for antigen-specific Th cell help (Suan et al., 2017). Low-affinity or
self-reactive centrocytes can circulate between the two zones, enabling repeated rounds of mutation
and selection, ultimately leading to MBC and PC expressing Ig with high affinity for the invading
pathogen (Allen et al., 2007b; De Silva and Klein, 2015). Recent studies have found that there are only
relatively small differences between LZ and DZ cells with regard to gene expression, dynamic
behaviour and size; unsurprising due to the constant shifting of cells between these two states (Victora
and Nussenzweig, 2012; Victora et al., 2010).

A large number of GC B cells die from apoptosis in situ, in both the LZ and DZ (Allen et al.,
2007b). This is a result of negative selection due to inadequate T cell help or BCR engagement, or
through the acquisition of detrimental BCR mutations, which results in the loss of pro-survival signals
or activation of DNA damage response pathways (Allen et al., 2007a).

Following extensive antigen affinity positive selection, repression of BCL6 results in B cells
exiting the cell cycle and subsequently committing to either MBC [reviewed in (Kurosaki et al., 2015)]
or PC terminal differentiation [reviewed in (Nutt et al., 2015)]. The mechanisms behind this cell fate
decision are presently unknown. It is speculated that commitment to either pathway depends on
extrinsic signals such as cytokines; contact with other immune cells; affinity-based signals via the BCR;
or results from random division into these subtypes (Shlomchik and Weisel, 2012). It has also been
suggested that the commitment to either MBC or PC differentiation may be temporal, with early GC
reaction thought to preferentially generate MBCs, whereas the late GC may be dedicated to
production of PCs (Weisel et al., 2016). Alternatively, it has been suggested that strong support from
T cells may drive PC differentiation (Krautler et al., 2017; Zhang et al., 2018b). The transcription
regulator B-lymphocyte-induced maturation protein 1 (BLIMP-1) has been shown to be the master
transcriptional regulatory factor essential for PC differentiation [(Nutt et al., 2015) see Section 1.1.4
for more detail]. In contrast to PC, a master transcription factor for MBC differentiation has not yet

been identified, hampering study into MBC precursors (Kurosaki et al., 2015; Suan et al., 2017).
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Nonetheless, factors promoting MBC differentiation have been identified such as activated B cell
factor 1 (ABF1), which mutually represses BLIMP-1 and therefore PC differentiation (Chiu et al., 2014).
Following GC-mediated differentiation of MBC, subsequent antigen-mediated re-activation (aided by
Th cells), leads to proliferation and differentiation of MBCs into PCs, allowing rapid production of class-
switched high affinity antibodies upon secondary exposure to the MBC-specific antigen (Kurosaki et
al., 2015).

Despite various advances in B cell biology research, there remains much to be determined
about the complex and critical transition of B cells through the GC reaction. A summary schematic of

the GC reaction model can be seen in Figure 1.1.
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Figure 1.1. Germinal centre reaction following B cell activation by antigen. B cell activation by an
antigen drives transient proliferation and B-blast activation. B-blasts can follow different B cell
differentiation pathways. In the absence of T helper cells (Th-) activated B-blasts proliferate and
differentiate into plasmablasts, then antibody producing short-lived plasma cells (PC). In the presence
of T helper cells (Th+) activated B-blasts enter germinal centre structures where they differentiate into
proliferating centroblasts in dark zone (DZ). They then differentiate into resting centrocytes and
migrate to the light zone (LZ). Following extensive affinity maturation and positive selection (whereby
cells recirculate back into the DZ for further somatic hypermutation and class switching of
immunoglobulin genes) cells can then differentiate and exit the germinal centre either as long-lived
PC or memory B cells (MBC). Upon reactivation, MBC differentiate into antibody secreting PC.
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1.1.4. Plasma cell differentiation

In contrast to MBC differentiation, more is known about the processes and transcriptional
profile of cells undergoing PC differentiation. Differentiation into PC occurs from different B cell
populations, forming either short-lived cycling plasmablasts, long-lived post-mitotic PC or MBC
derived PC, depending on the B cell precursor. This includes antigen-activated extra-follicular B cells
such as MZ B cells, GC B cells and reactivated circulating MBCs (Goodnow et al., 2010; Nutt et al., 2015;
Shi et al., 2015). The genome wide transcriptional profiles of these different precursor cell types are
significantly different, and they each require substantial reprogramming of gene expression during
the differentiation process to lead to the common transcriptional profile in resulting PC populations
(Shi et al., 2015).

The process of PC differentiation is complex but at least three transcriptional regulators are
considered essential for efficient differentiation of functional PCs. These factors are BLIMP-1,
interferon regulatory factor 4 (IRF4) and a spliced version of X-box binding protein (XBP-1) (Nutt et al.,
2011, 2015; Shi et al., 2015; Tellier et al., 2016; Yu and Lin, 2016). The PAX5, BCL6 and BACH2
transcription factors that regulate mature and GC B cells have been shown to have mutually
antagonistic interactions with the PC differentiation regulatory factors BLIMP-1, IRF4 and XBP-1 in a
complex regulatory network. Although low amounts of IRF4 promote GC B cells, high levels are
thought to repress BCL6 and lead to activation of BLIMP-1 expression, therefore promoting PC
differentiation (Sciammas et al., 2006). BLIMP-1 is thought to repress both BCL6 and PAX5, and results
in upregulation of XBP-1 (Minnich et al., 2016; Shaffer et al., 2002; Tellier et al., 2016). In turn, BLIMP-
1 expression has been shown to be repressed by BCL6, and BCL6 and PAX5 have been suggested to
upregulate BACH2 expression which further represses BLIMP-1 (Ochiai et al., 2008; Tunyaplin et al.,
2004). In addition, PAX5 has been proposed to repress XBP-1 (Reimold et al., 1996). These interactions,
likely alongside others not yet demonstrated, result in separate, mutually exclusive, gene regulatory

networks for B cells and differentiated antibody producing PCs (Nutt et al., 2011).
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BLIMP-1 (encoded by PRDM1) is considered the master regulator of terminal PC
differentiation, first identified using subtractive cDNA cloning to isolate late stage B cell differentiation
genes. It was also found to be highly expressed in every plasmacytoma line tested (Turner et al., 1994).
BLIMP-1 has been shown by microarray and RNA-seq to function primarily as a transcriptional
repressor. This drives PC differentiation through repression of mature B cell or GC B cells genes such
as PAX5 and BCL6, and regulates cell cycle exit allowing terminal differentiation of PC (Minnich et al.,
2016; Shaffer et al., 2002). In vivo studies using BLIMP-1 deficient mice have indicated BLIMP-1 is not
required for the initiation of PC differentiation as its loss arrests PC differentiation in the pre-
plasmablast stage (Kallies et al., 2007). However, ectopic expression of BLIMP-1 in mature B cells can
result in plasmacytoid differentiation characteristic of early PC (Turner et al., 1994). Moreover, BLIMP-
1 has been shown to be essential for the terminal differentiation of short-lived, long-lived and memory
response initiated PCs, and is crucial for high level production and secretion of Ig (Kallies et al., 2007;
Shapiro-Shelef et al., 2003; Tellier et al., 2016).

Alongside IRF4, BLIMP-1 and XBP-1, the cyclin dependent kinase inhibitor (CDKI) p18'Nk4 (see
Section 1.3 for more detail) has been shown to be required for the generation of functional terminally
differentiated PCs. This was first suggested when p18™¥¥ was shown to rescue PC differentiation in
vitro (Morse et al., 1997). The contribution of p18™*4 to PC differentiation was further confirmed by
the significant reduction in antibody secretion in mice deficient in p18™¢ during primary and
secondary immune responses (Tourigny et al., 2002). Consistent with these results, increased
expression of p18Nc correlates with reduced proliferation and concurrent differentiation toward a
PC-like phenotype in mitogen activated CD19*¢ human B cells (O’Nions and Allday, 2004). In addition,
p18'NK4c has also been associated with enhancing survival and development of T cells (Rowell et al.,
2014) and elevated p18™N*c |evels are linked to differentiation of other cell lineages including

osteoclasts and myeloid cells (Gagrica et al., 2012).
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1.2. Epstein Barr virus (EBV)

1.2.1. Overview of EBV

Epstein Barr virus (EBV) is a lymphotropic human vy-herpes virus, belonging to the
herpesviridae family of large dsDNA viruses. The EBV genome is comprised of a linear double stranded
DNA genome, of approximately 172 kilobase pairs (kb) and the prototypical WT lab-strain B95.8 was
the first herpesvirus to be cloned and sequenced (Baer et al.,, 1984). EBV is ubiquitous, and it
persistently and asymptomatically infects the majority of the worldwide human population. Primary
infection of healthy immunocompetent hosts usually progresses to a lifelong, largely benign, infection.
However, if infection is delayed into adolescence then the self-limiting lymphoproliferative condition
infectious mononucleosis (IM) can occur. Despite being a highly ubiquitous virus, EBV is one of the
most transforming viruses identified. EBV is etiologically associated to a diverse range of lymphoid
and epithelial malignancies and in 2010 contributed to nearly 2% of worldwide cancer deaths (Khan
and Hashim, 2014). EBV is lymphotropic and the biology of EBV is intimately linked to that of B cell
differentiation. It is thought that EBV infection drives naive B cells to proliferate and differentiate
through GCs, resulting in resting MBC that carry the EBV genome as extra-chromosomal episomes,
forming long-lived reservoirs of EBV infection; a model referred to as the GC model of EBV persistence
(Roughan and Thorley-Lawson, 2009; Thorley-Lawson and Babcock 1999).

1.2.2. Discovery of EBV

In 1958, a surgeon named Denis Burkitt first described a childhood malignancy prevalent in
certain areas of Africa that became known as Burkitt lymphoma (BL) (Burkitt, 1958). In 1961, Burkitt
presented his findings regarding BL, alongside epidemiological data suggesting a biological agent was
responsible, as the disease appeared dependent upon climatic conditions. This lecture was attended
by the virologist Anthony Epstein, who was greatly intrigued and a collaboration was established
(Epstein, 2015). Burkitt provided BL tissue obtained from biopsies to Epstein and his colleagues, from

which they were able to successfully establish a continuous suspension culture of BL cells. From this,

31



they were able to identify herpesvirus-like particles using electron microscopy (Epstein et al., 1964).
The herpesvirus failed to react to antibodies raised against other known herpesviruses and therefore
it was confirmed to be an undiscovered herpesvirus. This novel herpesvirus was called Epstein-Barr
virus (EBV), after Anthony Epstein and Yvonne Barr, who had cultured the original BL cell lines (Epstein
et al., 1965; Henle et al., 1968). Antibodies against EBV specific antigens were soon identified in
children presenting with BL, and EBV genomes were identified in BL cell lines and nasopharyngeal
carcinoma (NPC) biopsies (Gunvén et al.,, 1970; Hausen et al.,, 1970; Henle et al.,, 1968, 1969).

Henceforth, the novel herpesvirus EBV was proposed as the first identified human tumour virus.

1.2.3. EBV transmission, tropisms and life cycle

In infected hosts, EBV is continuously shed into the saliva, and viral transmission occurs orally
through salivary contact with infected individuals (Hadinoto et al., 2009). EBV then establishes life-
long persistence in latently infected MBC. However, EBV also infects oral epithelial cells, which are
required for the life cycle of the virus, as EBV must cross the oral mucosal epithelium to gain access to
the B cell compartment (Temple et al., 2014). The dual tropism of EBV is thought to derive from
differing glycoprotein content on the viral envelope, particularly the level of gp42 (Borza and Hutt-
Fletcher, 2002). B cells form the pool of latently infected cells, whereas epithelial cells are thought to
support replication and spread of EBV. B cells and oral epithelial cells support different patterns of
EBV transcription with elevated lytic transcripts identified in epithelial cells (Shannon-Lowe et al.,
2009). In addition, high levels of EBV virions have been shown to be produced by stratified epithelial
cell raft cultures (Temple et al., 2014). Due to the differing glycoprotein complexes required for cell
entry, epithelial cell-derived virus more efficiently infects B cells, whereas virus originating from B cells
is more adept at infecting epithelial cells. This molecular mechanism is thought to alter viral tropism
in an infected host, whereby virus produced by epithelium initially favours infection of B cell for the
establishment latent infection, while virus produced by B cells favours infection of epithelial tissue to

ensure transmission to a new host for the continuation of infection (Borza and Hutt-Fletcher, 2002).
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Following salivary transmission, EBV is speculated to enter the tonsil epithelium within the
Waldeyer’s ring of the oropharynx. Here, the virus is thought to replicate following initiation of the
lytic cycle in epithelial cells. The released virus then infects the surrounding naive B cells within the
lymphoid tissue in the Waldeyer’s ring. The infected cells are driven to undergo differentiation in GCs
and transition into latently infected MBCs [(Babcock et al., 1998; Laichalk et al., 2002; Roughan and
Thorley-Lawson, 2009) see Section 1.2.4 for more detail]. The latently infected MBC can return to the
periphery and circulate, also entering non-mucosal secondary lymphoid tissues including the spleen
(Laichalk et al., 2002). Reactivation of latently infected MBC and subsequent differentiation into PC
initiates viral replication and the Iytic cycle (Laichalk and Thorley-Lawson, 2005). This releases virus
into the saliva directly, or results in infection of surrounding epithelial cells of the oropharynx which
in turn initiates production of virus from these cells. This amplifies salivary viral load and therefore
enhances transmission to a new host.

The tropism of EBV for B cells results from B cell-restricted expression of the surface receptor
CD21, which is the major receptor molecule for the virus and is bound by the EBV receptor gp350/220
(Young et al., 2007). Entry into epithelial cells (which lack CD21) is less well characterised. However,
epithelial cell entry by EBV was recently shown to involve the Ephrin receptor A2, which interacts with
the viral envelope glycoproteins gH, gL and gB to facilitate viral fusion and internalisation (Chen et al.,
2018; Zhang et al., 2018a). In B cells, following attachment of CD21 to gp350/220, the human
leucocyte antigen (HLA) Il molecule of the B cell is bound by gp42. This triggers the process of fusion
with the host cell, facilitated by gH, gL and gB (Shannon-Lowe and Rowe, 2014; Young et al., 2007).
Internalisation of the virus particle follows, and the viral capsid is released. The EBV genome
subsequently enters the nucleus of the infected cell, where it is maintained as an extra-chromosomal
episome in the MBC.

Aside from the conventional infection route of salivary contact, transmission of EBV can also

occur by solid organ transplant or blood donation from a seropositive donor. In immunosuppressed
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recipients this is associated with elevated risk of post-transplant lymphoproliferative disease (Cen et

al., 1991; Ho et al., 1985).

1.2.4. EBYV latency in vivo: Germinal centre model of EBV persistence

EBV persistence is intimately linked with B cell biology. The widely accepted GC model of EBV
persistence (shown schematically in Figure 1.2) proposes that latently infected MBC carrying the viral
genome are generated through the transition and differentiation of infected B cells through the GC
[reviewed in (Thorley-Lawson, 2015; Thorley-Lawson and Babcock, 1999)]. There is also evidence of
direct EBV infection of unswitched GC-independent MBC, although EBV colonisation of these cells is
less widespread than in GC-derived MBC (Chaganti et al., 2009).

Instead of antigen-mediated B cell activation, infection of naive B cells with EBV in vivo drives
them to become activated and induces proliferation, resembling antigen-activated B blasts (Thorley-
Lawson and Babcock, 1999). This activation is independent of antigens and T cell interaction, and is
dependent on the activity of EBV latency-associated genes (Kempkes et al., 1995). In infected B cells,
the expression pattern of EBV latency-associated genes in vivo depends upon the differentiation stage
of the B cell (Babcock et al., 2000). Differential EBV gene expression patterns were first described
when some newly established BL cell lines were found to express a more restricted EBV latency-
associated gene expression profile than LCLs and other BL cell lines (Rowe et al., 1986, 1987). In
infected B blasts, the ‘growth programme’ or latency Il programme is expressed. During latency Il 9
latency associated proteins are expressed; six nuclear antigens (EBNA1, EBNA2, EBNA3A, EBNA3B,
EBNA3C, EBNA-LP) and three latent membrane proteins (LMP1, LMP2A, LMP2B), alongside RNAs
(EBER1 and EBER2) as well as several miRNAs. The latency-associated EBV proteins are described in
more detail in Section 1.2.8. EBV activated cells migrate to a GC, where they undergo expansion and
differentiation into centroblasts, then centrocytes. Transition through the GC corresponds with a
sequential shut down of viral gene expression, such that latently infected MBC express no EBV genes,
thus avoiding recognition by EBV-specific immune cells. In the GC, B cells switch from latency lll, to

the more restricted latency Il (also known as the default programme) where most of the EBV nuclear

34



antigen genes are silenced such that only EBNA1, LMP1, LMP2A and LMP2B are expressed (alongside
the EBERs and miRNAs) (Roughan and Thorley-Lawson, 2009). LMP1 and LMP2A are thought to
provide signals necessary for the survival of infected cells in the GC, as they function as homologues
of CD40 and the BCR, providing signalling required for cell survival (Caldwell et al., 1998; Dirmeier et
al., 2003). This permits the continued differentiation of infected B cells along the normal
differentiation pathway into MBCs. These latently infected quiescent MBCs exit the splenic follicle and
enter the peripheral circulation. As no viral proteins are expressed in these MBC, this is referred to as
latency 0 (Hochberg et al., 2004). It is within these latently infected MBC that EBV is able to persist for
the lifetime of the infected host (Babcock et al., 1998).

Intermittent cell division of MBC, involving re-entry into the cell cycle, is not mediated by the
virus and is thought to occur by homeostatic mechanisms. During cell division, EBNA1 is expressed in
the MBC, which supports replication of the viral episome and segregation into daughter cells. This
transcriptional profile is referred to as latency | (Hochberg et al., 2004). As EBNA1 is not recognised by
CTLs its expression does not make the dividing MBC susceptible to immune surveillance (Levitskaya et
al., 1995).

Reactivation of the latently infected MBC and subsequent terminal differentiation into a PC,
is thought to induce the EBV lytic cycle (see Section 1.2.5 for more detail on lytic reaction). Expression
of BZLF1, which begins viral replication, was shown to become active following differentiation of MBC
to PC in the tonsils of healthy carriers (Laichalk and Thorley-Lawson, 2005). The tonsillar localisation

of released EBV particles allows transmission via saliva.
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Figure 1.2. The germinal centre model of EBV persistence in vivo. EBV infects resting mature B cells
within the tonsils via binding to CD21. Expression of the EBV latency-associated proteins comprised of
6 nuclear antigens (EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNA-LP) and 3 membrane proteins
(LMP1, LMP2A, LMP2B), known as the latency Ill programme, drives the infected B cells to become
activated and proliferate rapidly, which resembles an antigen-activated B blast. The activated EBV
infected cells enter the germinal centre and a sequential reduction of viral gene expression begins
such that only EBNA1, LMP1, LMP2A and LMP2B are expressed in cells resembling centroblasts and
centrocytes, known as the latency Il programme. Cells further differentiate and exit the germinal
centre as resting memory B cells, in which no viral gene expression is seen, known as latency 0. Upon
proliferation of these cells, EBNA1 is expressed to maintain the viral genome, known as latency I.
When resting memory B cells are activated to differentiate into plasma cells, the Iytic cycle is induced,
and live virus produced. The GC model of persistence is reviewed in (Thorley-Lawson, 2015).

1.2.5. Lytic reactivation
The EBV lytic phase is divided into three distinct sequential phases; immediate early, early and
late, each with their own temporally controlled gene expression patterns. It is during the lytic cycle

that the majority of EBV proteins are expressed.
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Simultaneous transcription of the lytic immediate early genes BZFL1 and BRLF1 orchestrates
transition of EBV latency into the productive lytic cycle (Hardwick et al., 1988; Rooney et al., 1989).
BZLF1 is the master regulator of the switch to the lytic phase, and expression induces lytic replication
in latently infected cells. BRLF1 is similarly required for the subsequent expression of viral lytic genes
(Feederle, 2000). BZLF1 and BRLF1 are transcribed from the Z promoter (Zp) and R promoter (Rp)
respectively, and act as transcription factors that activate each other’s promoters amplifying their own
expression (Liu and Speck, 2003). Together BZLF1 and BRLF1 act synergistically to induce expression
of the early lytic genes, thus initiating viral replication. Following replication of the viral genome, the
late genes are expressed. These genes encode structural proteins required for encapsidation of the
viral genome to form infectious virions, the final stage of the lytic cycle. The lytic origin of replication
(Ori-lyt) for the synthesis of virion DNA is independent from the plasmid DNA replication origin (OriP),
which is used for the maintenance of the viral episome in synchrony with division of the host MBC
(Hammerschmidt and Sugden, 1988).

During latency, lytic genes are silenced by chromatinization (Tempera and Lieberman, 2010).
The EBV lytic cycle is thought to be induced by the differentiation of latently infected memory B cells
into PC (Laichalk and Thorley-Lawson, 2005). Expression of BLIMP-1, the master regulator of PC
differentiation, was recently shown to induce transcription of BZLF1 and BRLF1 from Zp and Rp in EBV-
positive epithelial cell lines and some EBV-positive B cell lines, further indicating induction of PC

differentiation activates the EBV lytic cycle (Reusch et al., 2015).

1.2.6. EBV latency in vitro

EBV infection of mature B cells in vitro establishes stable infection and forms continuously
proliferating lymphoblastoid cell lines (LCLs) (Henle et al., 1967; Pope et al., 1968). LCLs express a
latency Il programme of genes (detailed in Section 1.2.8) and resemble activated B blasts. It is thought
that due to the absence of GC within in vitro cell cultures differentiation of infected B blasts into MBC
is not possible, and not required for sustained infection (Figure 1.3). The process of EBV

transformation of B cells into LCLs is also commonly referred to as B cell immortalisation. LCLs are
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widely used as a model to study latent EBV infection and the biological consequences of the latency
[l viral gene expression profile. In vitro, EBNA1, EBNA2, EBNA3A, EBNA3C, EBNA-LP and LMP1 are
required for the efficient transformation of B cells (Cohen et al., 1989; Kaye et al., 1993; Lee et al.,

1999; Mannick et al., 1991; Tomkinson et al., 1993).
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Figure 1.3. In vitro infection of B cells with EBV leads to continuously proliferating lymphoblastoid
cell line (LCL) development. EBV infects resting mature B cells via binding to CD21. B cell activation
and continuous proliferation is driven by expression of the EBV latency-associated proteins comprised
of 6 nuclear antigens (EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNA-LP) and 3 membrane proteins
(LMP1, LMP2a, LMP2b). In the absence of a germinal centre and immune system in vitro, the
sequential shut down of viral gene expression does not occur. Therefore, EBV-driven proliferation and
the latency lll profile is sustained, leading to the establishment of continuously proliferating
lymphoblastoid cell lines (LCLs).
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1.2.7. Transcription of latent genes from the EBV genome

Following infection and subsequent activation of an infected B cell, the EBV genome
transitions from the linear form carried in the virion, and it circularises to form a viral episome in the
B cell [(Hurley and Thorley-Lawson, 1988), Figure 1.4]. The EBV genome contains terminal repeats (TR)
at each end of the linear genome, and the viral episome is formed following homologous
recombination of these repeats (Raab-Traub and Flynn, 1986). In addition, the genome also contains
internal repeats, referred to as the BamHI W repeats (or just W repeats). Each W repeat contains a
copy of the W promoter (Wp), and the W1 and W2 exons which encode the W repeats of EBNA-LP
[(Speck et al., 1986) see Section 1.2.8.4 for more detail on EBNA-LP]. Wp is the first viral promoter to
be activated following B cell infection. Gene expression is then switched to the C promoter (Cp) during
early infection as the infected cells proliferate and resemble B blast-like cells (Woisetschlaeger et al.,
1990). Transcription from either Wp or Cp results in a very long mRNA transcript (the B cell
transcription unit), which is alternatively spliced to generate the six different EBNA proteins (Rogers
et al., 1990). A third promoter, the Q promoter (Qp), is used for the Latency | and Il programmes, and
results only in expression of EBNA1 (Schaefer et al., 1995). LMP1, LMP2A and LMP2B are transcribed
independently from the EBNA proteins from a separate promoter close to the W repeats at the right-

end side of the genome (Laux et al., 1988, 1989).
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Figure 1.4. Transcription of latency-associated genes from the EBV episome. Following infection of
resting B cells, the EBV genome circularises to form an episome. Gene transcription is first initiated
from the W promoter (Wp) but then switches to the C promoter (Cp) in activated B blast-like infected
cells. The 6 EBV nuclear antigens (EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNA-LP, coloured in
orange) are generated by alternative splicing of a long mRNA transcript and translated into the
separate EBNA proteins. During latency | and Il, gene expression is initiated from the Q promoter (Qp)
resulting only in expression of EBNA1. The latent membrane proteins (LMP1, LMP2A and LMP2B,
coloured in blue) are transcribed independently from the EBNA genes. Black boxes denote the latent
origin of replication (OriP) and the terminal repeats (TR). Homologous recombination of the TR allows
circularisation of the linear EBV genome. Figure adapted from (Kalla and Hammerschmidt, 2012).

1.2.8. EBV latency-associated proteins

1.2.8.1. EBNA1

EBNA1 was the first EBV latency-associated protein identified (Reedman and Klein, 1973) and
is expressed in all replicating EBV infected B cells, in all forms of viral latency and in all EBV-associated
malignancies. EBNA1 has various important roles during EBV infection, which is mediated by
interactions with various cellular proteins as it lacks enzymatic activity (Frappier and O’Donnell, 1991).
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Crucially, EBNA1 prevents the loss of the viral episome in dividing cells and is required for replication
and retention of the EBV genome. EBNA1 binds within the EBV latent origin of replication (termed
OriP) (Wysokenski and Yates, 1989; Yates et al., 1984, 1985), which contains two functional
components; the dyad symmetry element (DS) and the family of repeats (FR) (Reisman et al., 1985).
EBNA1 mediates replication of the EBV episome in parallel with the host genome, and EBNA1 binding
to OriP facilitates tethering of the viral genome to cellular chromosomes during metaphase. This
facilitates equal partitioning of the replicated viral episomes between the two resulting daughter cells
during cell division (Grogan et al., 1983; Kanda et al., 2001). Furthermore, EBNA1 is thought to be
important for transcriptional activation of the other latency-associated genes as EBNA1 binding to
OriP transactivates transcription of the Cp and LMP promoters (Gahn and Sugden, 1995; Sugden and
Warren, 1989). EBNA1 also binds down-stream of the Qp promoter which is used for expression of
EBNAL in the absence of other EBNA proteins (Nonkwelo et al., 1996). EBNA1 has a lower affinity for
its recognition sites near Qp compared to the DS and FR elements of OriP, and therefore only binds
near Qp when the other sites are saturated by high levels of EBNA1 (Ambinder et al., 1990). EBNA1
binding near to Qp is reported to repress EBNA1 levels and this is thought to be an auto-regulatory
mechanism of EBNAL1 to restrict its own expression levels (Sample et al., 1992).

Although EBNAL1 is expressed in all latently infected cells, it is very weakly recognised by CTLs
and therefore largely avoids immune surveillance. This is as EBNA1 interferes with the processing and
presentation of EBNA1 by MHC class |, preventing a CTL-mediated response and thus allowing EBV to
reside within the MBC population even during cell division (Levitskaya et al., 1995).
1.2.8.2. EBNA2

EBNA2 is the first viral protein detectable following primary B cell infection with EBV
(alongside EBNA-LP, see Section 1.2.8.4) (Allday et al.,, 1989). However, expression of EBNA2 is
silenced during later stages of B cell development. In cohort with EBNA-LP, EBNA2 cooperatively
activates and transcriptionally regulates various viral and cellular genes (Kempkes and Ling, 2015;

Peng et al., 2005). Chromatin immunoprecipitation and sequencing (ChIP-seq) analysis has identified
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shared binding sites for EBNA2 and its coactivator EBNA-LP across the genome, and they largely
colocalise with clusters of binding sites for B cell specific transcription factors (Portal et al., 2013).
However, the relationship of EBNA2 as an enhancer and EBNA-LP as a co-activator is complicated, with
recent work showing activation of some EBNA2 host target genes, thought to be transactivated by
EBNA-LP, to be unaffected by the absence of EBNA-LP during primary EBV infection (Szymula et al.,
2018).

EBNA2 is essential for the transformation of B cells, which was first demonstrated in the
inability of the EBNA2-null P3HR-1 EBV strain to transform cells in vitro (Rabson et al., 1982). An
important function of EBNA2 is the transactivation of Cp, inducing the switch in promoters from Wp
to Cp that is observed in early B cell infection (Woisetschlaeger et al., 1991). Although, the EBNA1 and
OriP complex is also important for the switch between Wp and Cp (Altmann et al., 2006). Both the
LMP1 and LMP2 gene promoters are strongly activated by EBNA2, and EBNA2 is required to induce
their expression (Abbot et al., 1990).

EBNA2 does not directly bind to DNA, instead it associates with host DNA binding factors to
regulate gene expression. This includes the recombination binding protein-J kappa (RBP-Jk, also
known as Cp binding factor 1 or CBF1), early B cell factor 1 (EBF1), IRF4 and Pu.1 (Henkel et al., 1994;
Jiang et al., 2014; Johannsen et al., 1996; Lu et al., 2016; Sjoblom et al., 1995). The best characterised
interaction is of EBNA2 association with RBP-Jk, (Henkel et al.,, 1994), and binding results in
recruitment of various other transcription factors. ChlP-seq analysis has revealed extensive
colocalization of EBNA2 and RBP-Jk across the genome (McClellan et al.,, 2013). EBNA2 mimics
intracellular cleaved Notchl, and utilizes RBP-Jk to lead to activation of Notch1 signalling pathways
involved in differentiation, proliferation and anti-apoptosis (Hofelmayr et al., 2001). EBNA2 was
recently shown to induce new chromosome binding sites for RBP-Jk and the transcription factor EBF1,
and these sites strongly correlated with transcriptional activation of genes important for the function
of B cells (Lu et al., 2016). EBNA2 has also been shown to deregulate the proto-oncogene c-MYC,

further facilitating proliferation through cell cycle progression as a result of subsequent upregulation
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of cyclins [(Kaiser et al., 1999) see Section 1.3.1.1 for cell cycle description]. Ultimately, gene activation
by EBNA2 leads to activation of the resting B cells, resulting in cell cycle progression and maintenance

of proliferation of transformed cells (Kempkes and Ling, 2015; Kempkes et al., 1995).

1.2.8.3. The EBNA3 family
Please note this section has been taken directly from the author’s previously published review (Styles
et al.,, 2018).

The latency-associated EBNA3 family of proteins comprises 3 large proteins called EBNA3A,
EBNA3B, and EBNA3C, each composed of over 900 amino acids. These non-redundant proteins are
thought to have arisen from tandem duplication events during the evolution of the old world
lymphocryptoviruses. Their genes are structurally similar, with each consisting of a short 5’ coding
exon and long 3’ coding exon and share limited but significant sequence homology. Each of the EBNA3
proteins features a proline rich region, as well as a “homology domain” of approximately 220-230
amino acids near the N-terminus, in which there is 20-30% identity between the EBNA3s [Figure 1.5,
(Le Roux et al., 1994; Yenamandra et al., 2009)]. The EBNA3s are predicted to share similar secondary
structures, despite having only modest homology overall (Yenamandra et al., 2009). EBNA3 mRNA
transcripts are initiated from the Cp latency promoter producing large, alternatively spliced mRNAs
that are only expressed in B cells. Production of EBNA3 proteins is thought to be tightly regulated, and
the proteins are very stable, as protein levels and turnover are low (Davies et al., 2010; Touitou et al.,

2005).
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EBNA3A | | \ |

1 90 313 944
EBNA3B | | | |
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EBNA3C | | | |

1 97 324 992

Figure 1.5. Schematic showing the structure of the homology domain between the EBNA3 family of
proteins. Numbers denote amino acid position within the prototypical WT lab strain B95.8 proteins.
Figure reproduced from (Styles et al., 2018).

EBNAS3 proteins are well characterised regulators of transcription. Exon-microarray analysis
using the EBV-negative BL cell line BL31 infected with mutant EBNA3 viruses revealed that the EBNA3
proteins transcriptionally regulate over 1000 host cell genes (White et al., 2010). A substantial number
of these genes show cooperative regulation between multiple EBNA3 proteins. Most of this co-
regulation involves EBNA3C working in cooperation with either EBNA3A or EBNA3B or both, with only
modest cooperation between EBNA3A and EBNA3B in the absence of EBNA3C. Moreover, deletion of
EBNA3C had the most significant impact on host gene regulation, with gene repression dominating
differential host gene expression (White et al., 2010). ChIP analysis demonstrated that EBNA3A and
EBNA3C have significant co-localisation across the genome, as do EBNA3B and EBNA3C. However, co-
localisation of EBNA3A and EBNA3B in the absence of EBNA3C was extremely rare (Paschos et al.,
2017). EBNA3 proteins do not bind to DNA directly, instead, transcriptional regulation is achieved
through interactions with cellular DNA binding factors (See Section 1.3.3.1).

Both EBNA3A and EBNA3C are considered oncogenic. In an early demonstration of this,
EBNA3C was shown to cooperate with oncogenic (Ha-)Ras during transformation of primary rat
embryo fibroblasts (Parker et al., 1996). The oncogenic functions of EBNA3A and EBNA3C differ from
the seemingly antagonistic EBNA3B, despite co-operative regulation of a variety of genes (Allday et

al., 2015). Alongside EBNA1, EBNA2, EBNA-LP and LMP1, both EBNA3A and EBNA3C are required for
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the efficient transformation of B cells (Cohen et al., 1989; Kaye et al., 1993; Lee et al., 1999; Mannick
et al., 1991; Tomkinson et al., 1993). EBNA3C is essential for B cell transformation, and EBNA3A is
important, with EBNA3A-null cell lines exhibiting reduced proliferative capacity (Bazot et al., 2015;
Hertle et al., 2009; Maruo et al., 2003; Skalska et al., 2010). In contrast to the necessity of EBNA3A
and EBNA3C for efficient B cell immortalisation, EBNA3B is completely dispensable for the
transformation of B cells in vitro, and appears to act as a tumour suppressor in vivo [(White et al.,
2012) see Section 1.5.5.2.2].

As EBNA3A and EBNA3C are the focus of this thesis, more detail of their functions in EBV

infection and persistence can be found in Section 1.3.

1.2.8.4. EBNA-LP

Alongside EBNA2, EBNA leader protein (EBNA-LP) is one of the first viral proteins detectable
after primary EBV infection and is alternatively spliced from transcripts first initiated at Wp and then
later from Cp (Allday et al., 1989).The EBNA-LP protein is comprised of a variable number of repeats
of a 66 amino-acid N terminal repeat domain encoded by W1 and W2 exons, and a C terminal domain
encoded by the Y1 and Y2 exons. This results in expression of EBNA-LP with variable molecular weights
depending on the number of W repeats contained within the virus, and EBNA-LP isoforms of different
sizes are identified in early infection (Finke et al., 1987).

EBNA-LP is dispensable but important for the transformation of adult B cells (Mannick et al.,
1991; Szymula et al., 2018), however it was recently shown to be essential for the transformation of
naive umbilical cord blood cells (Szymula et al., 2018). Functionally EBNA-LP is thought to support
transactivation of genes by EBNA2. This includes activation of the LMP and Cp promoters (Harada and
Kieff, 1997). Using ChIP-seq EBNA-LP and EBNA2 have been shown to co-localise extensively across
the genome alongside various host transcription factors (Portal et al., 2013). EBNA-LP is thought to
remove transcriptional repressive complexes involving the nuclear receptor co-repressor (NCoR) and
RBP-Jk from various EBNA2 sites, leading to gene activation (Portal et al., 2011). EBNA-LP was recently

shown to be essential for establishing and stabilizing transcription of viral genes in cohort with EBNA2

45



during primary B cell infection with EBV. However, EBNA-LP was dispensable for expression of some
EBNAZ2-activated host genes, despite EBNA-LP previously being identified as a co-activator, indicating
the relationship between EBNA2 and EBNA-LP is more complicated than simply enhancer and co-

activator (Szymula et al., 2018).

1.2.8.5. Latent membrane proteins

1.2.8.5.1. LMP1

LMP1 is a major oncogenic transforming protein of EBV, and transgenic mice expressing LMP1
develop B cell lymphomas (Kulwichit et al., 1998). Expression of LMP1 is induced by EBNA2 (Wang et
al., 1990) and it is considered essential for the transformation of B cells (Kaye et al., 1993). However,
it has been shown that LMP1 KO LCLs can be sustained on fibroblast feeder cells, although they have
markedly reduced transformative ability compared to LMP1 competent WT viruses (Dirmeier et al.,
2003).

LMP1 functions as a constitutively active member of the tumour necrosis factor receptor
(TNFR) family and is able to activate multiple signalling pathways. Functionally, LMP1 resembles the
TNFR member CD40, and can substitute for CD40, mimicking the activation processes of B cells and
replacing the otherwise crucial T cell derived signals (Kieser and Sterz, 2015; Uchida et al., 1999). LMP1
activates many signalling pathways including NFkB, mitogen-activated protein kinase (MAPK) and PI3-
K/AKT pathways (Cahir-McFarland et al., 2004; Dawson et al., 2003; Gires et al., 1997; Kieser et al.,
1997). Mimicry of these CD40 signalling pathways by LMP1 leads to expression of essential survival
signals for B cells undergoing EBV-mediated transformation. This includes expression of cell surface
adhesion molecules and activation antigens, up regulation of anti-apoptotic proteins and stimulation
of cytokine production [reviewed in (Kieser and Sterz, 2015)]. Moreover, LMP1 harbours
immunosuppressive peptides which inhibit T cell proliferation and NK-mediated T cell cytotoxicity
(Middeldorp and Pegtel, 2008). LMP1 can also disrupt function or expression of tumour suppressors

such as DOK1 (Siouda et al., 2014).
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1.2.8.5.2. LMP2A and LMP2B

LMP2 has two alternative, structurally similar forms; LMP2A and LMP2B, which are expressed
from different promoters (Sample et al., 1989). The N-terminus of LMP2A contains immunoreceptor
tyrosine-based activation motifs, which are also present in the BCR receptor factors CD79a (Ig-a.) and
CD79b (Ig-B), and transmit activation signals following BCR stimulation (Alber et al., 1993). LMP2A
blocks BCR signal transduction by sequestering tyrosine kinases from the BCR. This prevents antigen-
mediated activation of EBV infected B cells, which would otherwise lead to lytic cycle entry rather than
latency (Miller et al., 1995). Binding of these tyrosine kinases also stimulates them such that they
mimic BCR activation and therefore antigen-induced B cell stimulation and proliferation (Engels et al.,
2012; Merchant et al., 2001). In transgenic mice, it was shown expression of LMP2A leads to survival
of BCR-deficient B cells, indicating LMP2A has the ability to replace BCR-induced B cell survival signals
and therefore promotes cell survival (Caldwell et al., 1998). LMP2A is also thought to alter production
of the cytokine IL10 from infected B cells, which promotes tumour survival and dampens anti-viral
responses (Incrocci et al., 2013).

Less is known about the functions of LMP2B. LMP2B lacks the 5’exon of LMP2A; which
encodes the N-terminal cytoplasmic domain that is responsible for mimicking BCR signalling. However,
LMP2B is thought to modulate distribution and function of LMP2A, thus helping maintain viral latency
(Rovedo and Longnecker, 2007). Furthermore, both LMP2A and LMP2B are thought to promote
spread and motility of EBV-infected epithelial cells by engaging signalling pathways (Allen et al., 2005).
This likely has a role in EBV-associated NPC which has consistent expression of LMP2A and LMP2B
(Busson et al., 1992).

Neither LMP2A or LMP2B are essential for the transformation of B cells in vitro (Speck et al.,
1999), however BCR mimicking by LMP2A is thought to be essential for survival and proliferation of
infected GC B cells in vivo (Mancao and Hammerschmidt, 2007). Exploitation of B cell biology by
LMP2A in combination with the CD40-mimicking activity of LMP-1, enables survival of EBV infected B

cells in the GC, such that they can differentiate into latently infected MBC (Thorley-Lawson, 2001).
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1.2.8.6. EBV RNAs and miRNAs

In addition to latency-associated proteins, EBV expresses RNAs and microRNAs (miRNAs)
during latency. These include the two small non-coding RNAs called EBER1 and EBER2, which are
transcribed by the host RNA polymerase lll, and are expressed in all forms of latency [reviewed in
(Iwakiri, 2014)]. The requirement for EBERs during B cell transformation is not conclusive, as some
studies using recombinant KO viruses indicate they are not essential for the transformation of B cells
(Swaminathan et al., 1991), whereas other studies indicate that they are (Yajima et al., 2005). The
abundance of EBER expression in latently infected cells makes them a reliable marker of EBV infection,
and they are widely used as probe target in in situ hybridisation (Chang et al., 1992).

EBERs are thought to be oncogenic, with transfection of EBERs into EBV-negative Akata cells
leading to colony formation in soft agar and tumor development in immunodeficient mice (Komano
et al., 1999). EBERs also induce secretion of IL-10, thought to stimulate B cell growth and suppression
of CTLs (Kitagawa et al., 2000). In addition, in BL cells EBERs were shown to facilitate resistance to RNA
dependent protein kinase mediated induction of the anti-tumour IFN-a response, by aiding avoidance
of the immune system they prevent its apoptotic effects (Nanbo et al., 2002).

Alongside RNAs, EBV also encodes miRNAs that are non-coding but which function in the post-
transcriptional downregulation of target mRNA (Pfeffer et al., 2004). There are two clusters of miRNAs
in EBV; 14 are located in the introns of BART and three are adjacent to BHRF1. These clusters appear
to be differentially expressed. High levels of BART miRNAs are found in epithelial cells but they are
rarely detected or are at very low levels in B cells. Whereas BHRF1 miRNAs are found at high levels in
latency Il B cells, but are almost undetectable in stage | or 1l B cells or epithelial cells (Cai et al., 2006).
Both BHRF1 and BART miRNAs are thought to be important in transformation, and they help prevent
apoptosis of newly infected primary B cells and BL cells, favouring cell cycle progression and
proliferation (Seto et al., 2010; Vereide et al., 2014). In addition, EBV miRNAs were recently shown to

be immunomodulatory, and they enhance viral immune evasion during both lytic and latent infection,
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from both CD4*® and CD8™¢ T cells [(Albanese et al., 2016; Tagawa et al., 2016) and reviewed in

(Albanese et al., 2017)].

1.2.9. EBV associated diseases

1.2.9.1. Infectious mononucleosis

The majority of people are infected with EBV either in the first few months of life or in early
childhood. Seroconversion at a young age is generally asymptomatic, however, when infection is
delayed into adolescence or young adulthood the self-limiting lymphoproliferative condition
infectious mononucleosis (IM, also known as glandular fever) can occur (Balfour et al.,, 2015).
Following EBV seroconversion, these patients typically present with tonsillitis, lymphadenopathy,
myalgia, fatigue and fever. The longevity of this acute illness is notable, in that it generally lasts several
weeks (Balfour et al., 2013). IM is further characterised by an abnormally large expansion of EBV-
specific CD8™¢ T cells, and high viral load in the oral cavity and blood (Balfour et al., 2013; Callan et al.,
1996). It remains unclear why EBV infection in childhood is asymptomatic, but primary infection during
adolescence can lead to IM. It is also unknown why some adolescents present with IM, while others
are asymptomatic (Kuppers, 2003). Differences between immature and adolescent immune systems

may contribute to this discrepancy.

1.2.9.2. B cell lymphomas

EBV is also associated with various B cell malignancies including BL, Hodgkin lymphoma (HL)
and post-transplant lymphoproliferative disease (PTLD). These different EBV-associated lymphomas
are associated with specific stages of B cell differentiation and their corresponding latency gene

expression programmes (shown schematically in Figure 1.6).

49



EBV @

infection
l Activated Germinal Centre (GC)
B- blasts / Centro blast \
Mature
B cell éentro-cyte Memory B cells
Latepcgl
DZ Burkitts lymphoma

Latency il Latency il Latency 0
Post-fransplant Hodgkins Lymphoma No viral proteins

Lymphoproliferative disease Nasopharyngeal carcinoma

Figure 1.6. Schematic showing cancer subtypes and the associated cell types and EBV latency stages
in vivo. Different EBV lymphomas originate from different stages of the infection process, and
different latency transcription programmes. Tumours are thought to arise from the different stages
of EBV biology that involve proliferation of the infected cell.

1.2.9.2.1. Burkitt lymphoma

BL is characterised as either endemic, sporadic or HIV-associated depending on geographical
distribution and the presence of EBV (Brady et al., 2007). Endemic BL occurs prominently in sub-
Saharan Africa and other areas where malaria is hyper-endemic. It has been established that in Africa
around 95% of endemic BL is EBV positive (Brady et al., 2007), and children with the highest antibody
titres against the virus are most at risk for developing BL tumours (De-Thé et al., 1978). In contrast to
endemic BL, sporadic BL has lower incidence but worldwide distribution, with around 20% of sporadic
BL tumours being EBV positive (Khan and Hashim, 2014). Despite histopathological similarities
between endemic and sporadic EBV-positive BL, they have distinct growth characteristics and cell
surface phenotypes when cultured in vitro (Rowe et al., 1985).

Rather than EBV, the characteristic hallmark of BL is translocation of the c-MYC proto-
oncogene bringing it under the control of an immunoglobulin (Ig) locus, this disrupts BCL6-mediated
repression and results in constitutively active expression of c-MYC in mature B cells (Manolov and
Manolova, 1972; Taub et al., 1982). The over expression of c-MYC facilitates elevated proliferation of
BL cells [reviewed in (Nguyen et al., 2017)]. As BL cells have somatically mutated Ig genes, they are

thought to originate from post-GC MBCs (Klein et al., 1995). Furthermore, EBV positive BL exhibit a
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latency | programme of viral gene expression where only EBNA1 is expressed. It is thought that in
endemic BL, EBNA1 represses the tumour suppressive and apoptotic pathways that are usually
activated by elevated c-MYC expression. This permits continual proliferation and survival of EBV-
infected cells carrying the c-MYC translocation [reviewed in (Allday, 2009)]. When cultured in vitro,
EBV-positive BL cell lines can switch from the restricted latency | programme to the latency Ill gene

expression programme that is more characteristic of LCLs (Rowe et al., 1987).

1.2.9.2.2. Hodgkin lymphoma

HL is divided into two types: classical HL (cHL) or nodular lymphocyte predominant HL (NLP-
HL). EBV association with cHL varies between 20-50% in western countries but higher rates are seen
in underdeveloped countries (Chang et al., 1993; Weinreb et al., 1996). Prior presentation of IM has
been linked with an elevated risk of developing EBV-associated cHL (Hjalgrim et al., 2000, 2007). In
contrast to cHL, NLP-HL is more infrequent and rarely EBV-associated, although some studies suggest
a proportion of NLP-HL are EBV positive (Wang et al., 2014).

cHL is characterised by the presence of multinucleated malignant Hodgkin/Reed-Sternberg
(HRS) cells. HRS cells originate from mature B lymphocytes within the GC, however they aberrantly
express markers of other haemopoietic cell types. They are characterised by the downregulation of
global B-cell linage gene expression, resulting from the disruption of a number B cell specific
transcription factors (Kippers, 2009). Lack of a functional BCR is characteristic of HL, and HRS
progenitors successfully avoid the apoptosis that usually occurs in GC cells lacking BCR expression. The
latency Il programme (EBNA1, LMP1, LMP2A, LMP2B) is characteristically found in HL. It is thought
expression of LMP1 and LMP2A, through their mimicry of the physiological functions of CD40 and BCR
respectively, enables the survival and proliferation of BCR-deficient HRS cells though activation of
signalling pathways and transcription factors that contribute to the rescue of infected cells from
apoptosis (Murray and Bell, 2015). Indeed, almost all cases of cHL containing destructive
immunoglobulin gene mutations are positive for EBV, indicating that cells carrying these mutations

can only survive and lead to cancer if EBV is present (Brauninger et al., 2006).

51



1.2.9.2.3. Immunodeficiency-associated lymphoproliferative disease

In healthy asymptomatic carriers, EBV infection is controlled by the immune system. However,
immunosuppression either from late stage HIV infection, congenital immunodeficiency, or induced
therapeutic immunosuppression increases the risk of developing B cell lymphoproliferative diseases
such as PTLD. EBV-specific immune responses are impaired by the immunosuppression, allowing
expansion of cells infected with the oncogenic EBV. This heterogeneous group of tumours are typically
limited to lymph nodes and are commonly EBV positive (approximately 80%) (Khan and Hashim, 2014).
PTLD EBV positive tumours typically exhibit the latency Il programme and therefore express several
viral latent proteins (Brink et al., 1997). Immunocompetent hosts would eliminate these cells, but in
immunocompromised individuals, such as transplant recipients, infected cells are not eliminated and
therefore can proliferate unchecked, leading to lymphoma development. When therapeutic
immunosuppression is reduced, restoring T cell function, some PTLDs can be resolved (Haque et al.,

1997).

1.2.9.2.4. Diffuse large B cell lymphoma

The heterogenous group of malignancies referred to as diffuse large B cell ymphomas (DLBCL)
are subdivided into two major groups based on different gene expression profiles and mutagenesis
signatures. These are GC B cell DLBCL (GCB-DLBCL) and activated B cell DLBCL (ABC-DLBCL) (Alizadeh
et al., 2000). Approximately 10% of DLBCLs are EBV-positive, but a significantly higher incidence of
EBV-positive DLBCL is found in the elderly and in immunocompromised patients (Heslop, 2005). As
DLBCL is so heterogenous and can arise from different cell types, it is not associated with a single EBV
latency pattern, and cells can express latency patterns Il or Il (or more infrequently 1) depending on
the origin of the infected cell. However, the majority of EBV-positive DLBCL is of the ABC type

[reviewed in (Healy and Dave, 2015)].
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1.2.9.3.  EBV-associated carcinoma

Aside from lymphoid malignancies, EBV has also been etiologically associated with the
epithelial carcinoma NPC and gastric carcinomas. In 2010, gastric cancer and NPC accounted for 92%
of cancer deaths attributed to EBV, the majority of which occurred in East Asia (Khan and Hashim,
2014). The mechanisms behind NPC and GC tumorigenesis are less well characterised than in EBV-
associated B cell ymphomas, with more known about the roles of EBV during NPC development than
gastric carcinoma.

EBV is detected in around 10% of worldwide gastric carcinoma. EBV-associated gastric
carcinoma are usually monoclonal proliferations of a single persistently infected EBV cell, usually
expressing the latency | gene expression profile [reviewed in (lizasa et al., 2012)]. In contrast, almost
100% of undifferentiated NPC are EBV positive (Khan and Hashim, 2014), and it is also thought to
arise from the clonal expansion of a single proliferating EBV infected cell (Pathmanathan et al., 1995).

The link between NPC and EBV was first determined following the identification of high titres
of EBV-specific antibodies in the serum of NPC patients (Gunvén et al., 1970). The discovery of EBV-
positive NPC revealed EBV also infects epithelial cells, alongside its major target the B cell. EBV
serology of IgA antibodies against various EBV replication derived antigens are specific markers for
NPC development, reoccurrence and prognosis (Dardari et al., 2000). NPC expresses a latency Il gene
programme and have an abundance of EBV miRNAs (Brooks et al., 1992; Cai et al., 2006; Raab-Traub
et al., 1983). The limited viral protein expression indicates the miRNAs contribute to the development
of EBV-associated NPC, which largely occurs in hosts with competent immune systems (Raab-Traub,
2015). Consistent with this, BART miRNAs have been shown to potentiate tumour development and
growth in a murine NPC model (Qiu et al., 2015). In addition, lack of EBNA2 and EBNA3 proteins, the
major viral antigens targeted by CTLs (Hislop et al., 2007), likely contributes to immune evasion of NPC
in the immunocompetent host.

Activation of NF-kB signalling pathways is thought to be important for NPC pathogenesis.

Sequencing of NPC biopsy samples has shown negative regulators of NF-kB are the most frequently
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mutated genes in NPC, resulting in overactive NF-kB signalling (Li et al., 2017). Similarly, LMP1
constitutively activates NF-kB signalling pathways. This indicates both host and viral selection of NF-
kB activation in NPC (Li et al., 2017).

1.2.9.4. EBV and autoimmune diseases

Increasing evidence in recent years has suggested that EBV may be etiologically associated
with various autoimmune conditions. Autoimmune conditions are complex disorders usually with
genetic backgrounds with involvement of environmental factors, of which EBV is a plausible candidate
for many syndromes. However, the most convincing epidemiological evidence supporting an
etiological role for EBV in an autoimmune disorders is within multiple sclerosis (MS) and systemic
lupus erythematosus (SLE), with higher disease frequency seen in those infected with EBV [reviewed
in (Ascherio and Munger, 2015)].

EBV has been widely associated with MS, a chronic neurodegenerative disease, with meta-
analysis of case control studies indicating that individuals who have a clinical history of IM have a 2.3
fold higher risk of MS compared to those without history of IM (Thacker et al., 2006). In addition,
serum titres of antibodies targeted against EBNA proteins have also been identified as an MS risk
factor, supporting an etiological role for EBV in MS development (Ascherio et al., 2001; Levin et al.,
2005). Assessing anti-EBV antibodies in serial serum samples indicates MS risk is extremely low in EBV-
negative individuals, but increases sharply upon infection with EBV (Levin et al., 2010).

EBV is also associated with the multisystem autoimmune condition SLE. However, in contrast
to MS, no enhanced risk of SLE following clinical presentation of IM has been identified (UIff-Mgller et
al., 2010). A meta-analysis of case control studies assessing EBV serology for anti-EBV capsid antigen
(VCA) indicates a modest, yet significant, association between EBV infection and predisposition to SLE
development (Hanlon et al., 2014). A study assessing 130 incidences of SLE indicated EBV infection
preceded the onset of SLE and the presence of the autoantibodies characteristic of this condition

(McClain et al., 2005). Furthermore, an approximately 40-fold increase in EBV viral load in peripheral
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blood has been found in SLE patients compared to healthy controls. This is thought to be a

consequence of defective immune control of EBV in SLE patients (Kang et al., 2004).

1.2.10. Immune responses to EBV

EBV achieves lifelong persistence and latency despite specific EBV-targeting immune
responses, indicating EBV has evolved efficient strategies and mechanism to avoid the host immune
system. EBV is controlled by both cellular and humoral immune responses. However, the immune
system cannot completely eliminate the virus, allowing life-long latent infection. Consequentially,
approximately 1 in 10,000-100,000 MBCs in an infected host are persistently infected with the virus
(Laichalk et al., 2002). There is a delicate homeostasis of viral persistence and host immune control,
with the absence of viral protein expression in latently infected MBC making them immunologically
silent.

Adaptive immune responses are crucial for robust anti-EBV immune responses, with severe
EBV-mediated disease evident in patients with defective T cell development or function [reviewed in
(Palendira and Rickinson, 2015)]. Much of the knowledge regarding anti-EBV immunity is derived from
the study of patients with the self-limiting EBV-mediated lymphoproliferative disease IM, following
primary infection during adolescence. A rigorous cellular response is seen during IM, with up to 50%
of CD8*"¢ cells in the peripheral blood identified as cytotoxic and directed against EBV-infected
replicating cells. These EBV epitope-specific CD8*¢ T cells can persist for at least 3 years at high levels
(Callan et al., 1998). T cell responses are thought to predominantly target EBV lytic antigens, with up
to 50% of the CD8"¢ T cell population responding to individual lytic epitopes (Abbott et al., 2013;
Quinn et al., 2014). Alongside lytic proteins, EBV latency-associated proteins, particularly the EBNA3
family, also provide immunodominant epitopes targeted by T cell immune responses [reviewed in
(Hislop et al., 2007)]. In vivo infection of mice with human immune system components with EBV has
further demonstrated primary infection results in expansion of EBV-specific CD8"¢ T cells (Melkus et
al., 2006; Strowig et al., 2009). Furthermore, severe EBV-mediated lymphoproliferative disease in the

absence of T cell surveillance following therapeutic immunosuppression, can be reversed by infusion
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of EBV-specific T cells (Haque et al., 2002). This highlights the importance of T cell mediated immune
responses against EBV. Alongside the CD8™¢ T cell response, there is a much smaller CD4™¢ T cell
response against lytic and latent antigens during IM, leading to CD4*'* memory B cells (Amyes et al.,
2003; Long et al., 2011).

EBV also induces adaptive humoral immune responses, and serology is widely used for
diagnosis of EBV-mediated diseases. Soon after the discovery of EBV, viral antigens were shown to
interact with serum antibodies in the majority of individuals (Henle et al., 1974). Elevated IgG levels
against the EBV lytic protein VCA first indicated a link between the virus and Hodgkin’s lymphoma
(Mueller et al., 1989) and NPC patients are characterised by elevated levels of 1gG and IgA against EBV
complexes, and a lack of EBV IgM (Cheng et al., 2002; Ji et al., 2007). Interaction of human antibodies
with various immunodominant EBV proteins have been identified. This includes antibodies against
viral capsid proteins, alongside latent and lytic proteins. EBNA1 is the major antigenic component of
EBNA complexes that are reactive to human antibodies [reviewed in (Middeldorp, 2015)]. Elements
of humoral responses against EBV have begun to be recapitulated within humanised mice models
(Seung and Tager, 2013; Yajima et al., 2008).

Aside from EBV-specific adaptive immune responses, it is thought NK cells may play a role in
anti-EBV immunity during the innate immune response. In a cohort of IM patients, significantly
elevated levels of NK cells were identified at diagnosis and during the first month of EBV infection, and
a higher proportion of NK cells correlated with significantly reduced viral loads (Williams et al., 2005).
Furthermore, mice with immune system components with depleted NK cells exhibit enhanced
tumorigenesis and pathogenesis compared to their NK-competent counterparts following EBV

infection (Chijioke et al., 2013).
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1.3. EBNA3 proteins are transcriptional regulators that affect host gene

expression

Transition through the cell cycle is maintained by the stringent cooperation of cyclins, cyclin
dependent kinases (CDK) and their inhibitors (CDKI), and retinoblastoma (Rb) protein pathways.
Together they form a complex network of phosphorylation and feedback loops with distinct
checkpoints that act as an intrinsic barrier against aberrant cellular transformation. EBV has evolved
to manipulate various aspects of these cell cycle pathways. In particular, the concerted activity of
EBNA3A and EBNA3C, predominantly through transcriptional regulation by polycomb protein
mediated gene silencing, has been shown to deregulate the cell cycle. This allows sustained EBV-
mediated cell proliferation, enabling efficient B cell transformation and consequently viral

persistence.
1.3.1. Cell cycle regulation

1.3.1.1. The cell cycle

The cell cycle is a strictly controlled sequence of molecular events that govern the growth and
duplication of all eukaryotic cells. Exact progression through the cell cycle is crucial and it is stringently
regulated by an intricate and complex network of factors. Deregulation of the cell cycle is a common
feature of oncogenesis, resulting from aberrant proliferation, as well as genomic and chromosomal
instability. Correct progression through the cell cycle is monitored at specific checkpoints that assess
possible defects during synthesis of DNA and chromosome segregation.

The cell cycle is comprised of four defined stages; the G1 phase, the S phase where DNA is
replicated and synthesised, the G2 phase, and the mitotic (M) phase where the cell divides into two
daughter cells. During the G1 and G2 gap phases, the cell prepares for the subsequent phases and
RNA and protein synthesis occurs. Progression through each stage occurs in an orderly fashion and is
tightly controlled by various regulatory proteins. This includes the CDKs 1,2 4 and 6, their substrate

proteins referred to as cyclins and comprised of types A, B D and E, as well as the negative regulators
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CDKI. Cyclins D and E mediate progression through the G1 and S phases, whereas cyclins A and B
mediate transition through the S, G2 and M phases [(Figure 1.7), see (Becker, 2007) for a
comprehensive review of the cell cycle].

CDK activity requires the binding of regulatory cyclins, this leads to the phosphorylation of
target proteins that promote cell cycle progression. Cyclins are synthesised and degraded at distinct
times during the cell cycle, therefore temporally control kinase activity. Fluctuations in cyclin
expression results in oscillation of CDK activity, co-ordinating cell cycle phase transition. CDK and CDK-
cyclin complexes are negatively regulated by CDKI that inhibit specific CDK-cyclin complexes, which
prevent progression of the cell cycle. There are two major families of CDKI; the inhibitor of CDK4 (INK4)
family and the CDK2-interaction protein (CIP)/CDK-inhibitory protein (KIP) family (see Section 1.3.1.3).
The concerted activity of the cell cycle promoting CDK-cyclin complexes, relative to the CDKI cell cycle
inhibitors govern progression through the cell cycle [reviewed in (Sherr and Roberts, 1999)].

Critical checkpoints are present at the interfaces between G1 and S phases, and between the
G2 and M phases. Cell cycle arrest or senescence (permanent withdrawal from the cell cycle) is
induced through modulation of CDK activity, mediated by CDKI regulation, if these checkpoints are

activated (Becker, 2007).
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Figure 1.7. Overview of the cell cycle. The cell cycle progresses from the G1 phase, into the S phase
where DNA is replicated, and then into the G2 phase and into mitosis (M), where cell division occurs.
The G1-S and G2-M cell cycle checkpoints ensure correct completion of DNA replication and
chromosome segregation before cell cycle progression, which is regulated by various feedback loops.
Progression through the cell cycle is governed by the cyclins (A, B, D and E), cyclin dependent kinases
(CDK 1, 2, 4 and 6) and the cyclin dependent kinase inhibitors (CDKI) comprised of the INK4 family
(p15'NK4e, p16!NK4a  p1gINKae  n1gINKAd) 3nd the CIP/KIP family (p27¢P!, p57XP?, p21WAFYCPY) - Figure
adapted from (Dehay and Kennedy, 2007).
1.3.1.2.  G1 phase progression and regulation

G1is a critical phase, whereby the cell responds to extracellular cues to commit to cell division
or withdraw from the cell cycle (GO) to progress instead along differentiation pathways (Sherr and
Roberts, 1995). There are various controls during transition through G1 to ensure the integrity of DNA
prior to the S phase, and ultimately cell division. Notably, there is a restriction point during late G1
phase, which represents a major control point for the regulation of cells entering the cell cycle. Once

beyond this point, cell division becomes independent of growth signals and cells will invariably

complete the cell cycle [reviewed in (Blagosklonny and Pardee, 2002)].
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Upon entry of quiescent resting cells into the cell cycle, mitogenic signals induce expression
of D-type cyclins, which assemble with CDK4 and CDK6 and lead to progression through the G1 phase.
During the G1 phase, complexes of cyclin D with either CDK4 or CDK6 initiate phosphorylation and
subsequently inactivation of members of the tumour suppressor Rb protein family; comprised of
Rb/p105, p107 and Rb/130 (Giacinti and Giordano, 2006). Following this, CDK2-cyclin E complexes
become active and phosphorylate Rb at additional sites. CDK mediated phosphorylation of Rb (pRb)
leads to disassociation of pRB from transcriptional regulators, collectively termed E2F, which control
the expression of genes required for G1 to S phase transition and DNA synthesis. Activation of cyclin
A- and B-dependent CDK during later cell cycle stages, following E2F induced expression, maintains
the hyper-phosphorylated from of pRb, until cells finish undergoing mitosis. At this point, pRb is
returned to a hypo-phosphorylated state where it blocks the transactivation domain of E2F, and is
therefore primed for the next G1 phase (Weinberg, 1995). The Rb protein plays a pivotal role during
cell cycle transition, and correct expression is crucial for control of the major G1 restriction check
point, leading to either cell cycle transition or the prevention of S phase entry [reviewed in (Giacinti
and Giordano, 2006)].

Expression of CDKIs inhibits CDK4-and CDK6-induced phosphorylation of Rb and therefore
prevents transition of the cell cycle from G1 to the S phase, causing cell cycle arrest. The CDKI p16'Nk4
has been widely shown to inhibit Rb phosphorylation and promote pRB:EF2 repressive complexes by
binding CDK4 and CDK®, thus inhibiting cyclin D catalytic activity and leading to arrest of the cell cycle
(Lukas et al., 1995; Serrano et al., 1993).

Conversely, loss of CDKI function can result in hyper-phosporylation of Rb, therefore allowing
continued release of the E2F transcription factor. This checkpoint deregulation allows continued
aberrant transition through the cell cycle. Inactivation of Rb regulation by continued hyper-
phosphorylation is widely associated with cancer development, which is well characterised following

loss of p16™€4 function (Sherr, 1996).
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1.3.1.3.  Cyclin-dependent kinase inhibitors (CDKI)

1.3.1.3.1. The INK4 family

The INK4 family of CDKI is comprised of p15'N*® [CDKN2B (Hannon and Beach, 1994)], p16™
[CDKN2A (Serrano et al., 1993)], p18™¥* [CDKN2C (Guan et al., 1994)], and p19'N**d [CDKN2D (Okuda
et al., 1995)]. Each INK4 protein binds to CDK4 and CDK®, inhibiting their kinase activity by interfering
with their association with the D-type cyclins. This can block cell cycle progression as inhibition of
CDK4 and CDK®6 leads to accumulation of hypo-phosphorylated pRb and subsequent G1 arrest of the
cell cycle (Lukas et al., 1995).

p16'N*4 is the most studied INK4 family member and was first identified as a binding partner
of CDK4 and CDK6 by yeast two hybrid screening (Serrano et al., 1993). It has long been thought to act
as a tumour suppressor (Lukas et al., 1995), with the altered activity of cyclin-CDK complexes during
G1 exhibiting oncogenic potential (Hunter and Pines, 1994). The p16'™** encoding gene CDKN2A in
humans is adjacent to the CDKN2B gene which encodes the highly similar p15™** protein, of which
p16™N*% shares 44% amino acid identity. The CDKI p15™* was first identified at high levels by
immunoprecipitation of CDK4 and CDK6 in human keratinocytes undergoing G1 cell cycle arrest
following treatment with transforming growth factor-p (Hannon and Beach, 1994). The adjacent
CDKN2A and CDKN2B loci are also commonly referred to as the INK4a-ARF-INK4b locus. In addition to
pl16'Nka the CDKN2A gene also encodes pl4*fF by an alternative reading frame. In contrast to
p15™Nk4 and p16™K4a which target CDK, p14**F modulates the tumour suppressive p53 pathway by
promoting degradation of MDM2 (Zhang et al., 1998).

Following discovery of p16™**?and p15™Nk*, 3 yeast interaction screen for proteins interacting
with CDK6 identified the INK4 family member p18'N4c, which was also demonstrated to weakly bind
CDK4 (Guan et al., 1994). Aside from being a CDKI, p18™N¥4c has additionally been shown to be required

for the differentiation of B cells to PCs [(Morse et al., 1997; Tourigny et al., 2002) see Section 1.1.4].
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The least characterised of the INK4 proteins is p19'™**d, Human p19'"*%¢ was identified by a
cDNA library screen using a probe obtained by cloning the previously identified murine p19'N*4d (Hirai
et al., 1995; Okuda et al., 1995). It was found p19'™**d shares around 86% identity with murine p19'N 4
and around 44% homology with the other human INK4 proteins. Periodic expression of p19'NK4
through the cell cycle indicated it also inhibits cyclin D kinases and their catalytic partners CDK4 and
CDK®6, consistent with p16™%4 (Okuda et al., 1995).

Each INK4 CDKI can lead to cell cycle arrest during G1 following interactions with CDK4 and
CDK6, with aberrant expression of INK4 proteins widely associated with oncogenesis (Sherr and
Roberts, 1999). The INK4 proteins all share a similar structure, comprised of several anykyrin repeats,
suggesting evolution from a shared ancestral gene. However, they do show unique expression
patterns depending on the cell and tissue, suggesting independent non-redundant functions
[reviewed in (Thullberg et al., 2000)].
1.3.1.3.2. The CIP/KIP family

The CIP/KIP family is comprised of p21°PYWAFL [CDKN1A, (Gu et al., 1993; Xiong et al., 1993)],
p274"1 [CDKN1B, (Polyak et al., 1994a)] and p57"'"* [CDKN1C (Lee et al., 1995)]. This family of CKDI
exhibit a broader spectrum of regulation and kinase selectivity than the INK4 family, and interact with
both cyclins and CDK subunits. The CIP/KIP members are able to modulate the activity of CDK in
complex with cyclins D, E, A and B. The CIP/KIP family share a common N terminal domain which
mediates the binding of these CDKI to cyclins and CDK, but the remaining sequence diverges indicating
distinct regulation and functions [see (Besson et al., 2008) for comprehensive review of the CIP/KIP
family].

p21WAFY/CPL \yas the first recognised CDKI, and was first shown to target CDK2 activity (Gu et
al., 1993). Following screening of cDNA libraries with p21 WA/ probes, it was soon shown p21WAF/CIPL
was a potent inhibitor of all cyclin-CDK complexes, and a target of transcriptional activation by p53

(Xiong et al., 1993). Anti-proliferative effects of p21WAF/C"1 gre also facilitated through formation of a
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guaternary structure with the proliferating-cell nuclear antigen (PCNA) alongside cyclins and CDKs,
which blocks the DNA replication and synthesis needed for S phase progression (Waga et al., 1994).

The CDKI p274™ was identified first as an inhibitor of CDK2 complexes in G1, and subsequently
cyclin D-CDK4 complexes (Polyak et al., 1994b, 1994a). It was soon shown to inhibit all G1 cyclin-CDK
complexes (Cheng et al., 1998). Expression of p27"1is usually elevated in quiescent cells including
mitogen starved cells (Besson et al., 2006), and in the absence of p27X!expression, mice exhibit
multiple organ hyperplasia and elevated tumorigenesis (Fero et al., 1996).

In addition to its role in repressing G1 and S phase CDKs-cyclin complexes, the CIP/KIP family
member p57%"2is thought to be the only CDKI required for embryonic development, and exhibits a
higher level of tissue specific distribution compared to p21WAFY/SP1 and p27X™! (Lee et al., 1995; Yan et
al., 1997). It is thought p57“" has an important role in the cell fate decision to exit the cell cycle during
development and differentiation. This is demonstrated by the severity of deletions in p57€" in mice,
with embryos exhibiting hypoplasia and delayed differentiation, preventing the generation of p57¢°2-
null adult mice (Zhang et al., 1997).

Alongside their cell cycle inhibitory functions, the CIP/KIP family proteins have also been
recognised to be regulators of transcription. It has been shown that p21WAF/C" jnteracts with various
transcription factors with broad functions [reviewed in (Besson et al., 2008)]. In particular, it is directly
associated with inhibition of E2F, complementing the inhibition of CDK:cyclin complexes by enhancing
repression of E2F targeted genes resulting in cell cycle arrest (Dimri et al., 1996). Furthermore, p27*™
was shown to localize at gene promoters with p130-E2F enhancing recruitment of transcriptional co-

repressors including SIN3A and histone deacetylases (Pippa et al., 2012).

1.3.1.4. The DNA damage response and cell cycle checkpoints

The DNA damage response (DDR) functions within the cell cycle process. It detects chemically
and physically induced DNA damage and can signal growth arrest, DNA repair, DNA replication or cell
death by apoptosis [reviewed in (Jackson and Bartek, 2010)]. The key DDR signalling components are

the ataxia-telangiectasia mutated (ATM) and ATM- and RAD3-related (ATR) protein kinases, which
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become activated by DNA damage such as double strand breaks and DNA replication fork arrest
(Cimprich and Cortez, 2008; Shiloh, 2003). ATM/ATR orchestrate phosphorylation of hundreds of
targets in signalling cascades, the best characterised of which are checkpoint kinase 1 and 2 (CHK1
and CHK2, respectively) (Bartek and Lukas, 2003). Together with CHK1 and CHK2, ATM/ATR act to
reduce CDK activity by various mechanisms, some of which are mediated by the tumour suppressor
and transcription factor p53. For example, activation of the CDKI p21WAf/¢P1 by p53 results in inhibition
CDK4 and CDK2 activity, therefore preventing cell cycle progression and leading to G1 arrest (He et
al., 2005).

ATM/ATR and CHK1/CHK2 mediated targeting of CDK results in slower cell cycle progression
or cell cycle arrest, at both the G1- S phase and G2-M phase cell cycle checkpoints. This allows time
for DNA repair mechanisms before S phase replication or M phase mitosis. ATM/ATR simultaneously
trigger signalling cascades which induce DNA-damage repair protein expression, recruitment and
activation. Successful DNA repair results in DDR inactivation and continued progression through the
cell cycle (Jackson and Bartek, 2010). Alternatively, if the DNA damage cannot be resolved, chronic
DDR signalling leads to apoptosis or cell senescence. This prevents passage of incorrect DNA into
daughter cells and potential DNA damage induced oncogenesis (Bartkova et al., 2005, 2006). The DDR
is crucial to correct cell cycling and defects in DDR associated factors are oncogenic [reviewed in

(Kastan and Bartek, 2004)].

1.3.2. Control of gene regulation by polycomb proteins

Eukaryotic DNA within the cell nucleus exists in complex with histone proteins, which form
nucleosomes, nucleosomes then form chromatin structures. Modification of chromatin structure can
be achieved by covalent modification of specific residues within histones, including acetylation,
phosphorylation, methylation or ubiquitination. These modifications can alter gene expression by
facilitating active or inactive transcription. This is achieved by the unwinding or compacting of

nucleosome structure, thus allowing or blocking the access of DNA binding proteins and transcription
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factors, and preventing assembly of the RNA polymerase Il complex [reviewed in (Felsenfeld and
Groudine, 2003)].

The polycomb group (PcG) of proteins repress gene expression by inducing histone
modifications which keeps chromatin in a transcriptionally inactive state. There are two core PcG
complexes, comprised of multiple subunits with catalytic activity, and they are referred to as the
polycomb repressive complexes 1 and 2 (PRC1 and PRC2, respectively). Broadly, PRC2 establishes
repressive marks on chromatin, that are recognised by PRC1, which then stabilizes the repressive
inactive state [for a review of PRC1 and PRC2 see (Aranda et al., 2015)].

PRC2 is comprised of three core proteins; enhancer of zeste 2 (EZH2), embryonic ectoderm
development (EED) and the suppressor of zeste homolog 2 (SUZ12). But it can be found in complex
with various other proteins [reviewed in (Vizan et al., 2015)]. PRC2 contains methytransferase activity,
mediated by the EZH2 subunit, and is involved with inducing trimethylation, dimethylation and
monomethylation on the lysine 27 of histone H3 (H3K27me3/me2/mel) (Ferrari et al., 2014;
Kuzmichev et al., 2002). H3K27me3 is considered a repressive chromatin mark. PRC2 di- and mono-
methylation of H3K27 is less well characterised, but has been suggested to be involved in gene
activation (Ferrari et al., 2014).

PRC1 contains four core proteins; polycomb (PC), posterior sex combs (PSC), polyhomeotic
(PH), RING1 and sex comb onmidleg (SCM), but many other proteins can be co-purified with these
core proteins [reviewed in (Su et al., 2014)]. In contrast to the methyltransferase activity of PRC2,
PRC1 complexes instead have E3 ligase activity mediated by the RING1 proteins (RING1a or RING1b).
The best characterised substrate of PRC1 is the monoubiquitinated form of histone H2A at lysine 119
(H2AK119ub) (de Napoles et al., 2004; Wang et al., 2004). Following the association of the core PRC1
complex with CBX proteins, PRC1 is able to recognise the H3K27me3 repressive marks established by
PRC2. PRC1 then monoubiquitinates H2AK119, which prevents RNA polymerase |l elongation and

therefore silences gene expression (Aranda et al., 2015; Zhou et al., 2008). The polycomb system has
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been shown to be hijacked by EBV to induce transcriptional silencing of target genes (see Section

1.3.3).

1.3.3. EBNA3 mediated deregulation of the cell cycle

EBV has evolved various mechanisms to circumvent cell cycle pathways through interference
with intrinsic cell cycle associated factors that induce anti-proliferative and suicide response signalling
pathways. The best characterised example of this is EBNA3A- and EBNA3C-mediated repression of
CDKIs (Allday et al., 2015). It is likely the concerted activities of the oncogenic EBNA3A and EBNA3C
in the deregulation of the complex and tightly controlled molecular organisation of the cell cycle plays

a crucial role in EBV persistence and transformation (Allday, 2013; Skalska et al., 2013).

1.3.3.1.  EBNA3 regulatory mechanisms

Please note this section has been adapted from the author’s previously published literature review
(Styles et al., 2018).

EBNA3 proteins regulate many target genes and robustly associate with chromatin, but they
do not directly bind DNA. Instead, the EBNA3 proteins bind and utilize many cell transcription factors
to facilitate viral regulation of host genes. Detailed ChIP analyses and chromosome conformation
capture techniques have begun to illuminate the intricacies of EBNA3 chromatin binding and the
mechanisms of gene regulation employed by these EBV nuclear antigens. However, interactions
between EBNA3C and various transcription factors and the regulatory mechanisms involved are much
better characterised than those of EBNA3A, and especially EBNA3B, with the lack of an EBNA3B
conditional system limiting investigation.

EBNA3-mediated gene silencing through association with transcription factors often involves
localising polycomb repressive complexes to target genes. However, whether this is due EBNA3
recruitment or is a result of default gene repression mechanisms is largely unknown. The involvement
of PRC2 in repression of EBNA3 target genes is well established, and has been shown to frequently
result in deposition of the histone repressive mark H3K27me3, catalysed by the EZH2
methyltransferase subunit (Bazot et al., 2018; Harth-Hertle et al., 2013; Kalchschmidt et al., 20163;
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Kuzmichev et al., 2002; McClellan et al., 2012; Paschos et al., 2012; Skalska et al., 2010; Styles et al.,
2017).

The EBNA3 proteins recruit transcription factors to chromatin to facilitate differential gene
regulation. They all bind the notch signalling pathway DNA-binding factor RBP-Jk via their homology
domain (Kalchschmidt et al., 2016a; Robertson et al., 1996; Young and Rickinson, 2004; Zhao et al.,
1996). RBP-Jk is also competitively bound by the EBV transactivator EBNA2. The relationship between
RBP-Jk and EBNA2 and the EBNA3s is mutually exclusive, indicating co-operative and/or antagonistic
functions (Wang et al., 2015; West, 2017). It was shown that interaction of RBP-Jk with EBNA3A and
EBNA3C is required to achieve the genetic reprogramming of B cells that allows the continuous
proliferation of LCLs (Lee et al., 2009; Maruo et al., 2005). EBNA3A repression of the CXCL9/CXCL10
locus is dependent on RBP-Jk binding, leading to PRC recruitment and deposition of H3K27me3 (Harth-
Hertle et al., 2013). Similarly, EBNA3C has been shown to recruit RBP-Jk to the COBLL1 and ADAM28-
ADAMDECI loci also leading to PRC2-mediated H3K27me3 deposition and repression (Kalchschmidt
et al., 2016a). Interaction of EBNA3C with the histone lysine demethylase KDM2B was also recently
shown to be important for EBNA3C-mediated repression of the COBLL1 and ADAM28-ADAMDEC1 loci,
as it facilitates the removal of the H3K4me3 activation-associated histone mark prior to deposition of
H3K27me3 (Gillman et al., 2018).

EBNA3C and EBNA3B (and to a lesser extent EBNA3A), have also been shown to bind to core
binding factor B (CBFB), which heterodimerizes with the transcription factor RUNX3 to form the core
binding factor (CBF). EBNA3 binding to target gene loci was reduced when CBF was depleted by shRNA
against CBFp, indicating its importance for EBNA3 recruitment to chromatin (Paschos et al., 2017).
EBNA3C has also been shown to interact with other transcriptional co-factors involved in histone
modification and gene repression including histone deacetylases (HDACs), the co-repressor CtBP, the
SIN3 transcription regulator family member A (SIN3A), the nuclear receptor co-repressor (NCoR) and
the interferon regulatory factors IRF4 and IRF8 (Hickabottom et al., 2002; Jiang et al., 2014; Knight et

al., 2003; Skalska et al., 2010; Touitou et al., 2001). Interestingly, IRF4 was found to be essential for

67



only EBNA3C binding to specific sites, not EBNA3A or EBNA3B, possibly indicating specific transcription
factors contribute to the complexity of co-operative gene regulation by the different EBNA3 proteins
(Wang et al., 2015). However, of proteins reported to interact with EBNA3s, only CtBP has been
confirmed to be directly involved in gene repression by genetic analysis using recombinant EBV viruses
in B cells. Here, the requirement for CtBP interaction was demonstrated for EBNA3-mediated
repression of p16'*2 in B cells (Skalska et al., 2010).

Although EBNA3 proteins extensively bind across the genome and co-localise with various
similar transcription factors, only a small proportion of binding sites are located near to the
transcription start site of target genes. Instead EBNA3 binding sites are predominantly located at
regulatory regions, classed as enhancer elements (McClellan et al., 2013; Paschos et al., 2017; West,
2017). These are characterised by high levels of H3 acetylation and histone modifications, alongside
multiple transcription factor binding sites and can be intronic, upstream or downstream of genes
(Heintzman and Ren, 2009; Whyte et al., 2013). The significant presence of EBNA3 proteins at
enhancer regulatory elements indicates that long distance chromatin interactions are a prominent
feature of EBNA3-mediated gene regulation (McClellan et al., 2013; Paschos et al., 2017; West, 2017).
Specifically, EBNA3C, and in part EBNA3A, are thought to facilitate repression of the ADAM28-
ADAMDECI locus by promoting a long range interaction between an intergenic enhancer and their
respective promoters leading to PRC2 mediated H3K27me3 deposition (Kalchschmidt et al., 20163;
McClellan et al., 2013). Additionally, EBNA3C promotes chromatin interactions between the
downstream enhancer and promoter of WEE1, leading to gene repression (McClellan et al., 2013). In
contrast, BCL2L11 (BIM) and CTBP2 repression are thought to result from EBNA3-mediated disruption
of enhancer-promoter interactions (McClellan et al., 2013; Wood et al., 2016). Furthermore, it has
been demonstrated that EBNA3A and EBNA3C can also activate transcription by promoting long
distance chromatin interactions between distal enhancer elements and the transcription start site of
the pri-miRNA of the miRNA 221/222 cluster (Bazot et al., 2015). Together, these observations suggest

that EBNA3C, and probably EBNA3A, can both engage and disrupt long range chromatin interactions,
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and that these structural changes can both enhance or repress gene transcription, likely in ways that
can only be ascertained on a gene-by-gene basis.

Using microarray analysis, EBNA3A and EBNA3C have been demonstrated to both up- and
down-regulate genes (White et al., 2010). EBNA3A and EBNA3C binding sites have been identified
within ‘contact domains’ (genomic regions with shared proximity and consequently likely subject to
some connected regulatory processes) of both up- and down-regulated target genes. It has been
shown that EBNA3A and EBNA3C (Bazot et al., 2015), and EBNA3C independently (Kalchschmidt et al.,
2016a) direct transcriptional activation of host genes. In contrast, direct association of EBNA3B
binding near target genes is only evident for down-regulated EBNA3B targets, suggesting that EBNA3B
functions directly only as a repressor. Therefore, any genes activated by EBNA3B are probably
activated indirectly (Paschos et al., 2017). The molecular mechanisms responsible for EBNA3 mediated
gene activation are poorly understood. However, EBNA3C has been shown to associate with the
histone acyltransferase transcriptional co-activator p300, suggesting that acetylation may be involved
with EBNA3C-mediated activation (Cotter and Robertson, 2000).

Epigenetic reprogramming of genes by EBNA3 proteins is imperative to permit B cell
transformation and subsequent viral latency. The complexity of EBNA3 gene regulatory mechanisms
likely relates to the wealth of transcription factors they can interact with. Despite recent insights,
there remains much to be determined regarding the intricate and complicated molecular mechanisms
employed by the EBNA3 proteins to regulate gene expression, especially regarding the basis of co-
operative gene regulation by EBNA3 proteins, a phenomenon that is largely uncharacterised.
1.3.3.2.  Transcriptional repression of p16'"N4@ and the INK4a-ARF-INK4b locus
Please note this section is taken directly from the author’s previously published literature review (Styles
et al., 2018).

EBV-mediated repression of the CDKI and tumour suppressor p16™*4 was first shown using a
recombinant virus containing EBNA3C fused to estrogen receptor (ER). This showed that functional

EBNAS3C is essential to restrain expression of p16'™*¥ (Maruo et al., 2006). Inactivation of EBNA3C in
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conditional LCLs leads to progressively increased levels of p16™%* mRNA and protein, with
correspondingly reduced levels of hyper-phosphorylated forms of Rb, a cessation of proliferation, and
more cells in the G1 phase of the cell cycle (Maruo et al., 2006; Skalska et al., 2010, 2013). Increased
p16'Nka Jevels were ablated by transfection of a plasmid expressing EBNA3C and by stabilisation of the
conditional EBNA3C (Maruo et al., 2006). The CDKN2A gene encodes p16™%2, and also (by an
alternative reading frame) encodes p14*fF, which is also repressed by EBNA3C (Maruo et al., 2011).
However, the consequences are functionally distinct. The p16'™%* protein interacts with the cyclin
dependent kinases CDK4 and CDK6, preventing phosphorylation of the Rb protein leading to cell cycle
arrest, whereas p14*f interacts with MDMZ2, resulting in p53 activation and subsequent cell cycle
arrest or apoptosis (Popov and Gil, 2010). Analysis of EBNA3A knockout and conditional LCLs has
demonstrated that EBNA3A also plays a role in repressing both p16'™**and p14*fF (Hertle et al., 2009;
Maruo et al., 2011; Skalska et al., 2010). The importance of p16™%* repression during B cell
transformation by EBV was highlighted by evidence that EBNA3C becomes unnecessary for
transformation and sustained proliferation when p16™%* is functionally inactive. In an elegant
experiment, Skalska et al. showed that EBNA3C-null LCLs can be readily produced from B cells derived
from an individual with a homozygous deletion in CDKN2A that inhibits all known p16™%* functions.
This demonstrated that EBNA3C-mediated repression of p16™%* plays a crucial role in the
transformation of B cells by EBV (Skalska et al., 2013).

ChIP analysis indicates EBNA3A and EBNA3C directly repress p16™** through epigenetic
chromatin modification, via deposition of the polycomb-associated repressive mark H3K27me3, and
reduction of the activation mark H3K4me3 at the CDKN2A locus (Maruo et al., 2011; Skalska et al.,
2010). Moreover, epigenetic regulation of CDKN2A by EBNA3s is maintained in the absence of
functional p16™%* further indicating CDKN2A is a direct target of EBV (Skalska et al., 2013). The
chromatin remodelling of CDKN2A by EBNA3A and EBNA3C was shown to require interaction with the
transcriptional co-repressor CtBP (Skalska et al., 2010). CtBP is the collective term for the proteins

CtBP1 and CtBP2, which promote cell survival and are associated with repression of various tumour
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suppressors [reviewed in (Chinnadurai, 2009)]. EBNA3A and EBNA3C, but not EBNA3B, have been
shown to interact with CtBP, and they are readily immunoprecipitated together from LCL extracts
(Hickabottom et al., 2002; Touitou et al., 2001). Mutating the CtBP binding sites within EBNA3A and
EBNA3C compromises transformation of primary B cells infected with recombinant EBV, and similarly
compromises transformation of rodent embryo fibroblasts following transfection with EBNA3A or
EBNA3C (Hickabottom et al., 2002; Skalska et al., 2010; Touitou et al., 2001). In B cells, mutation of
CtBP binding sites within EBNA3A and EBNA3C correlates with significantly reduced H3K27me3 at the
CDKN2A locus, alongside increased H3K4me3. The resulting increases in p16™%* mRNA and protein
are thought to contribute to the impaired outgrowth of primary B cells infected with EBV containing
mutated CtBP binding sites in EBNA3A and EBNA3C, and the reduced proliferative capacity of resulting
LCLs (Skalska et al., 2010).

Alongside CDKN2A, EBNA3 proteins have also been shown to repress the adjacent gene
CDKN2B. This gene encodes the related INK4 family protein p15™**, which performs similar functions
to p16'™* (Popov and Gil, 2010). EBNA3A-mediated transcriptional repression was shown to occur via
interactions with the transcriptional factor MIZ1, leading to subsequent deposition of the repression
histone mark H3K27me3 in close proximity to the transcription start site, as seen with p16'Nka
repression (Bazot et al., 2014; Skalska et al., 2013). Furthermore, increased p15™%* mRNA
transcription has been reported following EBNA3C inactivation in conditional systems, demonstrating
EBNA3C involvement in p15'N*® repression (Jiang et al., 2017; Styles et al., 2017). As with CDKN2A,
ChIP analyses have indicated EBNA3A and EBNA3C bind near the transcription start sites of the
CDKN2B locus, suggesting EBNA3A and EBNA3C play a direct repressive role (Jiang et al., 2014, 2017;

Skalska et al., 2013).

1.3.3.3.  Translational and proteasomal degradation of the CIP/KIP family

Please note this section is taken directly from the author’s previously published literature review (Styles

et al.,, 2018).
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As well as directly repressing genes of the CDKI INK4 family, EBNA3A and EBNA3C can
indirectly repress cell cycle components through transcriptional activation of repressive miRNAs.
EBNA3A and EBNA3C were recently shown to mediate transactivation of the oncogenic miRNA cluster
miR221 and miR222 (miR221/222), leading to repression of the CDKI p57%'?? and, to a lesser extent,
p27%*1 (Bazot et al., 2015).

Screening LCLs, where EBNA3A and EBNA3C were either conditionally expressed or knocked
out, identified modified expression of various miRNAs by the EBNA3 proteins. Expression of the
oncogenic miR221/222 cluster was shown to be reduced when either EBNA3A or EBNA3C was non-
functional, with a significant increase in miR221/222 mRNA when EBNA3A and EBNA3C were
conditionally activated. ChIP analysis confirmed EBNA3A and EBNA3C binding sites within an enhancer
element of the pri-miR221/222 loci from which miR221 and miR222 are processed. ChIP analysis
further revealed an altered epigenetic profile in which the transcriptional activation markers
H3K4me3, H3K9ac, H3K27ac, and phospho-Ser5 Pol Il were elevated at the transcription start site only
when EBNA3A and EBNA3C were functionally expressed. Furthermore, chromosome confirmation
capture established that long range chromatin interactions between EBNA3A and EBNA3C binding
sites within the predicted enhancer site of pri-miR221/222 and its promoter only occur when EBNA3A
and EBNA3C are functionally active. The miRNA221/222 cluster targets the CDKIs p57%'*? and p27¢™;
transcriptional activation of the miRNAs by EBNA3A and EBNA3C leads to repression of p57¥"? and, to
a lesser extent, p27X"1. This provides a novel indirect method of cell cycle regulation mediated by
EBNA3A and EBNA3C gene activation (Bazot et al., 2015).

Alongside indirect repression of p27X" and p57%"2, EBNA3A and EBNA3C have also been
associated with repression of the CDKI and CIP/KIP family member p21WAf/CP1 (Banerjee et al., 2014;
Tursiella et al., 2014). In contrast to the direct polycomb-mediated transcriptional repression of the
INK4 proteins, or miRNA-mediated translational regulation of p57¥"2 and p27%", EBNA3C works
directly though interactions with the oncogenic kinase Pim-1 to result in proteasomal degradation of

p21WAFL/CIPL (Banerjee et al., 2014).

72



There is compelling evidence that transcriptional repression of p16'4? is the dominant factor
in EBNA3A- and EBNA3C-mediated cell cycle control during B cell transformation by EBV (Skalska et
al., 2013). However, EBNA3A and EBNA3C have been shown to target many CDKls, employing diverse
mechanisms that encompass regulation at the transcriptional, translational, and protein level
(summarised in Figure 1.8). This suggests the EBNA3 proteins function to achieve a specific molecular

balance that allows control of the cell cycle by EBV, enabling establishment of viral latency.
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Figure 1.8. EBNA3A and EBNA3C regulate CDKI at a transcriptional, translational and protein level.
EBNA3A and EBNA3C bind cell transcription factors (TFs) including RBP-Jk, CBF, and IRF4. This
results in polycomb complex recruitment and deposition of chromatin marks on the loci of target

genes. These chromatin marks can either repress transcription (the CDKIs p16'N%4 and p15'Nk4b) or
activate transcription (miRNA221/222). EBNA3-mediated activation of miRNA221/222 leads to
subsequent repression of the CDKI p27%"and p57%P?via translation inhibition. EBNA3A and
EBNA3C can also repress CKDI by targeting them for degradation. EBNA3A mechanisms are unclear,
but EBNA3C has been shown to mediate Pim-1 catalysed phosphorylation and subsequent
proteasomal degradation of p21WAF/CP1 Figure reproduced from (Styles et al., 2018).
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1.3.3.4. Anti-apoptotic functions of EBNA3A and EBNA3C
Please note this section is taken directly from the author’s previously published literature review (Styles
et al., 2018).

Concurrent with manipulation of CDKI and cell cycle control, EBNA3A and EBNA3C further
facilitate virally-induced proliferation and oncogenesis by repressing apoptotic responses to viral
infection and transformation. Using a panel of EBNA3KO viruses in BL31 BL-derived cells, EBNA3A and
EBNA3C were found to cooperatively repress the tumour suppressor and pro-apoptotic BCL-2-family
member BIM (Bcl-2-interacting mediator of cell death) encoded by BCL2L11 (Anderton et al., 2008).
EBNA3-mediated regulation of BIM was also observed in LCLs, with repression shown to be reversible
using an EBNA3C conditional system, whereby inactivating EBNA3C for three weeks led to elevated
BIM mRNA levels (Paschos et al.,, 2012; Skalska et al., 2013). BIM becomes upregulated during
unscheduled cellular proliferation and directly initiates apoptosis through inhibition of BCL2 and other
pro-survival proteins. This is particularly important during the development of lymphocytes, as BIM
mediates negative selection of auto-reactive B cells, and initiates programmed cell death in B cells
expressing low-affinity antibodies in the GC (Enders et al., 2003; Fischer et al., 2007; Strasser, 2005).
Furthermore, BIM is activated by the proto-oncogene c-MYC, which is expressed by B cells following
EBV infection and induces hyper-proliferation. A hallmark of BL is translocation of c-MYC and
subsequently constitutively elevated expression (Dang et al., 2005). BIM is the effector of one of the
accumulative apoptotic pathways triggered by c-MYC overexpression (the other being the p14AfF—
MDM2—-p53 pathway) and it has been shown that even loss of a single BIM allele accelerates B cell
lymphomagenesis (Egle et al., 2004). The epigenetic mode of BIM repression by EBNA3A and EBNA3C
may be important for BL development, since it can create an environment permissive for c-MYC
overexpression even after EBNA3A and EBNA3C expression is shut down, as the virus progresses
through different stages of latency (Anderton et al., 2008; Paschos et al., 2009; Thorley-Lawson and

Allday, 2008).
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Analogous with the epigenetic repression of INK4 family proteins, detailed ChIP analysis of
EBV-positive B cells indicated that EBNA3-mediated repression of BIM involves modification of
chromatin marks. This includes a reduction of histone acetylation and deposition of the H3K27me3
repressive mark within the BCL2L11 locus, facilitating transcriptional repression (Paschos et al., 2009).
Direct participation of EBNA3 proteins in repression of BIM was subsequently demonstrated when
binding of EBNA3C to sites proximal to the BCL2L11 transcriptional start site was confirmed by ChIP
analysis, with later studies showing concurrent EBNA3A binding sites (Paschos et al., 2012; Wood et
al., 2016). Furthermore, EBNA3A and EBNA3C were found to recruit the PRC2 subunits SUZ12 and
EZH2 to BIM regulatory elements, facilitating H3K27me3 deposition (Paschos et al.,, 2012). A
requirement for the polycomb system in EBV-mediated repression of BIM was further confirmed as
BIM repression was found to be disrupted by lentiviral delivery of shRNA against PRC2 components,
and reversed by an EZH2 inhibitor (Paschos et al., 2012; Wood et al., 2016). EBNA3A- and EBNA3C-
mediated repression of BIM was also recently shown to involve long range chromatin interactions
between the BIM promoter and enhancers bound by EBNA3A and/or EBNA3C (Wood et al., 2016).

In addition to EBNA3A- and EBNA3C-mediated repression of the important tumour
suppressors p16™*2 and BIM and various CDKI, EBNA3C has been shown to attenuate the DDR, which
functions to limit aberrant proliferation by inducing senescence or apoptosis (Nikitin et al., 2010). The
DDR is transiently activated in response to the hyper-proliferation of EBV infected cells during primary
infection. However, EBNA3C was shown to attenuate this response by inhibiting the DDR kinases CHK2
and ATM (Nikitin et al., 2010). Induction of the DDR temporally correlates with the transient increase
in p16'N*2 expression seen following primary infection (Skalska et al., 2013). This is associated with
oncogene activation, but is also speculated to be a consequence of DNA damage due to
hyperproliferating cells inappropriately entering the cell cycle S phase (Allday, 2013; Skalska et al.,
2013). The continuation of the DDR, as well as p16™%¥ and BIM activation, is prevented by the
expression of functional EBNA3C and EBNA3A. This prevents the apoptosis and cell cycle arrest

pathways that would be activated by EBV infection (Allday, 2013; Nikitin et al., 2010; Skalska et al.,
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2013). Furthermore, EBNA3C has also been associated with the repression of other factors involved
in the cell cycle, DDR, apoptotic pathways and the oncogenic stress response, including MDM?2, p53,
H2AX, pRb, E2F1, Cyclin A, Cyclin D1, Cyclin D2, ubiquitin ligase SCF***? and c-MYC (Bajaj et al., 2008;
Jha et al., 2014; Knight and Robertson, 2004; Knight et al., 2005b, 2005a; Pei et al., 2018; Saha et al.,
2009, 2012; Yi et al., 2009).

EBNA3A and EBNA3C mediated regulation of CDKI and the DDR is extensive. Regulation of
these host factors and pathways is achieved through a variety of molecular mechanisms including
transcription regulation, regulation via translation inhibition and through protein:protein interactions,

demonstrating the broad activities of these oncogenic proteins.

1.4. Recombinant EBV viruses allow analysis of EBNA3 function

1.4.1. Use of BAC-derived EBV

Bacterial artificial chromosome (BAC) vectors are based on the E. coli fertility factor (F-factor)
replicon and are used in cloning of large DNA fragments. This replicon is stably maintained in the
bacterial host as a circular supercoiled extrachromosomal single copy plasmid and can be easily
modified (Hall et al., 2012; O’Connor et al., 1989). As BACs can carry insets of up to 300 Kb they are
able to accept the genome of dsDNA viruses. Use of BACs enables the study of mutagenesis of a viral
genome using highly versatile genetic tools developed in bacteria. Lucklow and colleagues were the
first to demonstrate cloning of a complete genome of a large dsDNA virus into a BAC vector (Luckow
et al., 1993). This technology was extended into herpesvirus research when the complete genome of
murine cytomegalovirus was cloned into a BAC. This allowed recovery of infectious virus following
introduction of the BAC virus into susceptible cells (Messerle et al., 1997).

Both the B95.8 EBV genome and Akata genome have now been cloned into BAC constructs
(Delecluse et al., 1998; Kanda et al., 2004). In the Allday Laboratory we focused on the use of the B95.8
strain, this prototypical laboratory adapted stain is hereafter referred to as WT. To generate modified

recombinant EBV for the study of specific viral proteins, mutations or modifications have been made
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within the B95.8 BACs. However, it must be noted that the B95.8 strain was selected for study due to
its transformative ability in the lab and it has been passaged through marmoset lymphocytes (Miller
et al., 1972). Furthermore, it contains a genomic deletion, resulting in the lack of most EBV encoded
miRNAs as well as a lytic origin of replication (Parker et al., 1990; Raab-Traub et al., 1980).

The use of this BAC technology has permitted the generation of various recombinant EBV
viruses using DNA manipulation within E.coli (Delecluse et al., 1998). Homologous recombination
between wild type and mutant versions of a gene of interest can be used to construct recombinant
EBV BACs, allowing study into the host phenotype and transcriptome associated with individual EBV
latent genes. A target vector is used containing a mutated version of the gene of interest flanked by
sequences homologous to the wild type version in the genome. This can be used to both introduce
mutations and also to achieve deletions of specific genes. Eukaryotic and prokaryotic resistance
cassettes, including antibiotic resistance and the green fluorescent protein (GFP), have also been
introduced into the BAC constructs to allow manipulation and selection of specific genetic sequences

[reviewed in (Feederle et al., 2010)].

1.4.2. Recombinant EBV viruses available for the study of EBNA3 proteins

BAC technology has been used to generate various EBV recombinant viruses containing
EBNA3 genetic modifications. This has permitted detailed study of each of the EBNA3 proteins within
the context of infection, transformation of B cells, establishment of LCLs and maintenance of viral
latency. An overview of the EBNA3 modified recombinant viruses used in this study can be found in
Figure 1.9.

Recombinant EBNA3 knockouts (KO), for EBNA3A, EBNA3B and EBNA3C independently, have
been generated using truncating mutations, as well as a KO lacking the entire EBNA3 locus (Anderton
et al., 2008; White et al., 2010). All KO also have a corresponding revertant, in which the deleted genes
were reintroduced to control for off-target secondary mutations resulting from the homologous

recombination that may differ from WT.
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Conditional systems for the EBNA3 proteins have also been established. These systems use a
modified murine estrogen receptor (ER) fused to the open reading frames of EBNA3A or EBNA3C. This
renders functional expression of the resulting fusion protein dependent on the presence of estrogen,
orits related analogue 4-hydroxytamoxifen (HT). The introduction of HT to the culture of cells infected
with a conditional virus stabilises the EBNA3-fusion protein, allowing nuclear localisation and
functional expression. In the absence of HT, the conditional fusion proteins are retained in the
cytoplasm where they are inactive and degraded (Maruo et al., 2003, 2006; Skalska et al., 2010).
Recently, a more modified estrogen receptor (ERT2) has been utilized for the generation of conditional
viruses for EBNA3A and EBNA3C independently (Bazot et al., 2015; Styles et al., 2017).This modified
ERT2 receptor contains a G400V/M543A/L544A triple mutation, which makes the receptor insensitive
to endogenous mouse estrogen permitting use of these viruses in vivo. In addition, it is more sensitive
to HT than previously used ER fusions (Feil et al., 1997). Thus far, a virus with HT-dependent
conditional expression of EBNA3B has not been established.

Recombinant EBV with epitope-tagged EBNA3 proteins have also been developed, including
using a FLAG-STREP Il Tandem Affinity Purification (TAP) tag (Gloeckner et al., 2007) fused to EBNA3A,
EBNA3B or EBNA3C (Paschos et al., 2017). These epitope-tagged EBNA3 BAC viruses have been widely
used in ChIP-seq experiments and have enabled identification of thousands of EBNA3 binding sites
across the genome (Jliang et al., 2014; McClellan et al., 2012, 2013, Paschos et al., 2012, 2017; Schmidt
et al., 2015).

Transfection of modified recombinant EBV BACs into 293-HEK cells establishes virus producer
lines. Inducing the lytic cycle by transient expression of BZLF1 and BALF4 lytic genes results in the
production and secretion of infectious EBV virions into the culture supernatant. This supernatant can
then be used to infect peripheral blood leucocytes or CD19"¢ purified primary B cells. Together,
EBNA3-modified BAC-derived recombinant EBV viruses have enabled robust genetic analysis of the

contribution of each EBNA3 protein to the biology of EBV.
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Figure 1.9. Overview of available EBV recombinant BAC viruses. Overview of EBV recombinant
viruses derived from the prototype WT stain B95.8 BAC used in this project. Knock-out viruses contain
deletions for EBNA3A (A3A), EBNA3B (A3B), EBNA3C (A3C) or all 3 EBNA3 proteins (A3A/A3B/A3C)
(Anderton et al., 2008; White et al., 2010). Conditional viruses contain a C-terminal fusion to a
modified oestrogen receptor for either EBNA3A, (EBNA3A-ERT2), EBNA3C (EBNA3C-ERT2) or both
EBNA3A and EBNA3C (EBNA3A-ERT2/3C-ERT2) [see Chapter Il for further description (Bazot et al.,
2015; Skalska et al., 2010; Styles et al., 2017)]. Tandem affinity purification (TAP)-tag were fused to
either EBNA3A or EBNA3C and contain a Flag-2X Strep tags utilized in chromatin immunoprecipitation
(Paschos et al., 2012).

1.5. Epstein Barr virus infection in vivo

1.5.1. Limitations of research in vitro

Although an invaluable and essential tool in biological research, results gained from research
using in vitro cell culture systems have inherent limitations regarding extrapolation of results to the
complexity of living organisms. In vitro research is largely performed in cancerous cell lines which are
continuously passaged. Cancer cells can have substantially abnormal functions, potentially making

extrapolation to normal cells misleading. In vitro cell lines also do not exhibit cytokine and chemokine

79



interactions orimmunomodaulation of infection. Furthermore, in vitro cell cultures are limited by a lack
of biokinetics and metabolism pathways, the absence of the 3-dimensional tissue architecture found
in vivo and by the lack of interaction between different cell types (Shetab-Boushehri and Abdollahi,
2012).

Extrapolation of in vitro research to the effect in humans has inherent limitations, whereas in
vivo research in animal models have the advantage of assessing infection within the context and
complexity of a living organism. In contrast to in vitro cell lines, in vivo animal models allow
investigation of the mechanisms of diseases alongside subsequent immunological responses, which
can then be used to predict human outcomes (Eynon and Flavell, 1999; Kohnken et al., 2017).
However, although a valuable resource, there are ethical issues around the use of animals for in vivo
research, with an important emphasis on reduction of animals being used, refinement of experiments
and replacement of animal research where possible for in vitro systems (Russell WMS, 1992). There
also remain drawbacks with regards to extrapolation of in vivo results to that of humans, with
differences in physiological and biological parameters. Additionally, it should be noted that in vivo
models can represent specific characteristics of human infections, but are unlikely to cover all aspects
of diseases (Johnson et al., 2001; Rezaee and Abdollahi, 2017). Nonetheless, the use of in vivo models

is an invaluable asset to biological research in which to expand biomedical knowledge.

1.5.2. In vivo mouse models of human disease

Mice have long been considered the animal model of choice for biomedical research and are
a significant and powerful research tool for mimicking clinical behaviour of human disease (Kohnken
et al., 2017). Mice are appealing models of human disease for a variety of reasons. These include the
relative similarity of human and mouse genetics, with over 90% gene homology between the species
and the ability to comprehensively experimentally manipulate mouse genetics (Waterston et al.,
2002). Mice also have similar anatomical characteristics to humans, providing ability to assess organ
systems. The small size of mice, ease of handling, short life span, breeding reliability and commercial

abundance makes them a convenient and practical option compared to larger and more expensive
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animal models (Kohnken et al., 2017). In addition, due to their extensive use over decades there is a
wealth of antibodies and reagents available to use with these model systems. In particular, the field
of immunology has benefitted immeasurably from the use of mouse models and much of the workings
of the immune system has been derived from research in mice. However, inherent differences
between mice and humans create difficulties in their use as models of infectious diseases (Coers et
al., 2009).

Some infectious agents are able to infect both humans and rodents enabling the use of simple
mouse models, for example mice can be used to study the diseases caused by Yersinia pestis bacteria
(Ngampasutadol et al., 2008) or influenza virus (Groves et al., 2018). However, in many cases co-
evolution of hosts and pathogens has led to strict host tropisms which limits the use of mice for the
study of human diseases. Alternatives such as the use of homolog infectious diseases can act as
models of human infection. However, the extrapolation of results to that of the human phenotype
can be difficult. For example, the murine y-herpesvirus 68 (MH-68) acts as model to human
herpesvirus diseases, in particular Karposi’s sarcoma-associated herpesvirus (KSHV), and has led to
insights into the pathogenesis and biology of y-herpesviruses (Blackman and Flafio, 2002).

For diseases lacking murine homologs, the use of transgenic mice with genetic modifications
to permit infection with human infectious agents can allow the study of human diseases within mouse
models. The introduction of transgenes expressing the receptors for human tropic viruses, such as
adenoviruses (Wang et al., 2012), measles virus (Sellin and Horvat, 2009) and coronavirus (Lassnig et
al., 2005), permits murine infection. However, this is not feasible for all viruses. Alternatively, insight
into the functions, phenotype and immunological changes associated with the expression of specific
pathogen genes can also be gained through the introduction of specific pathogen genetic material into
mice. For example, transgenic mice expressing the EBV latent protein LMP1 can be used to study EBV-
induced immune surveillance and lymphomagenesis (Zhang et al., 2012). To avoid the possible
consequences of gene alteration during development, conditional models have been developed to

allow spatially and temporally controlled gene alterations. This can be achieved by cross-breeding
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mice carrying Cre-recombinase effector genes with mice carrying target genes incorporating a loxP-
stop cassette (Kohnken et al., 2017; Rosenthal and Brown, 2007).

Over the last decade there has been extensive development regarding the use of severely
immuno-compromised mice engrafted with human immune system components. These humanised
mouse models more closely mimic human disease and have enabled investigation into infectious
agents with strict tropisms to human immune cells, particularly viruses such as EBV (described in detail
in Section 1.5.4). Humanisation of specific target organs has also been performed, for example human
liver-chimeric mice. For this, severely immunocompromised mice are transplanted with human
hepatocytes leading to up to 95% human liver chimerism. This makes them permissible to pathogens
such as hepatitis B and C, permitting study into the biological mechanisms of these viruses (Bissig et
al.,, 2010). In addition, different model systems can be combined. For example, mice harbouring
human hepatocytes alongside human immune system components have been shown to recapitulate
HCV-specific pathogenesis, as well as HCV-associated immune responses (Washburn et al., 2011).

Although mouse models of human infection and cancer permit extensive advances to our
knowledge of human diseases, it must be noted that these models require extensive validation and
careful consideration in the extrapolation of data to a human phenotype. Alongside differences in the
tropism of infectious diseases, immunological, environmental and physiological differences remain.
For example, this includes the predominance of lymphocytes in white blood cell composition in mice,
whereas in humans neutrophils are dominant (Doeing et al., 2003). The extent of which human disease
can be recapitulated within the mouse model must be considered. However, animal models remain

and invaluable tool for scientific research of human disease.
1.5.3. Use of tamoxifen systems for gene modification in mouse models

Modified ER systems for conditional expression of proteins in mice can be used to temporally
activate or deactivate gene expression, in a temporal or spatial manner in vivo. The most prominent
use of inducible tamoxifen systems in mice is within Cre-recombinase systems in transgenic mice.

Here, mice are bred to contain Cre fused to a modified ER rendering functional expression of Cre
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dependent on the presence of the activating ligand HT, which can be delivered via tamoxifen.
Stabilisation of the Cre-ER fusion protein by addition of HT allows expression of Cre-recombinase,
which specifically excises target genes flanked by loxP sites leading to gene activation or deactivation
(Feil et al., 1997; Whitfield et al., 2015; Wilson et al., 2014). Cre-ER systems can also be used in a tissue
specific manner, with transgenic mice expressing Cre-ER under the control of a liver specific promoter
enabling specific genetic study of liver pathology (Zhu et al., 2003).

The reversible aspects of HT induced systems, which require continuous HT for gene
stabilisation, have been widely used in the study of cancer (Whitfield et al., 2015). Oncogenes, such
as ¢-MYC, fused to mutated ER have been used to establish whether sustained gene activation is
required to maintain a cancerous phenotype (Murphy et al., 2008). Similarly, inducible HT systems in
combination with tumour suppressors such as p53 have revealed aspects of their biology, for example
the kinetics and reversibility of p53-mediated responses in vivo (Christophorou et al., 2005).

Various routes of administration can be used for HT. Most prominently used is intraperitoneal
injection of HT or use of tamoxifen impregnated food, which is then metabolised to HT in the mouse
liver (Wilson et al., 2014). The demand for tamoxifen usually defines usage, as some models require
continual administration of tamoxifen whereas others require only one dose. Despite the aversion to
tamoxifen impregnated food leading to weight loss, this method is less stressful and more humane
when continuous tamoxifen is required, as it does not involve daily injection of a HT-oil emulsion
(Kiermayer et al., 2007; Wilson et al., 2014).

At the time of writing the use of an exogenous ER fusion system in mice, such as infection with
a recombinant ER conditional virus, was not documented in the literature. However, the ability to
temporally activate or deactivate pathogen genes following infection would be a valuable tool in
biomedical research. For example, the use of reversible ER-fusion conditional recombinant EBV in the
hu-mice model would enable detailed analysis of the specific roles of EBV proteins during in vivo

infection.
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1.5.4. Mouse models with human immune system components

Mice carrying genetic modifications that result in severe immunodeficiency can be engrafted
with human immune system components (hu-mice) following the introduction of human hemopoietic
cells. These hu-mice provide immeasurable benefits to medical research of human diseases as models
of human tropic diseases. The strict tropism of EBV for B cells (alongside oral epithelia) has previously
limited research to in vitro models, due to the absence of a small animal model and the inherent costs
and difficulties associated with non-human primate models. At present, there are several variants of
humanized mouse models, of which only some will be discussed here. Each model has its own
strengths and weaknesses but there remains a need for further advanced hu-mouse models that can
more accurately recapitulate a human immune system and its associated responses.

Mice with human immune system components were first described by three independent
groups in 1988 (Kamel-Reid and Dick, 1988; McCune et al., 1988; Mosier et al., 1988). CB17 mice,
carrying mutations to render them immunodeficient, were engrafted with either adult human PBLs
(Kamel-Reid and Dick, 1988; Mosier et al., 1988) or human foetal tissues (McCune et al., 1988) leading
to the presence of human immune system components in the mice.

These early models have been advanced and improved significantly over the last three
decades. The non-obese diabetic (NOD) genetic background is now commonly used in the generation
of hu-mice as it confers superior engraftment of human progenitor cells than mice of BALB or CB17
genetic backgrounds (Greiner et al., 1995). This is attributed to NOD mice carrying a polymorphism in
the gene encoding SIRPa. which confers support for human hematopoiesis. The interaction between
CD47 and SIRPa has been associated with regulation of phagocytosis-mediated clearance of
leukocytes, whereby CD47 expression inhibits macrophage phagocytosis. The SIRPo carried on
macrophages in NOD mice has enhanced binding to human CD47 ligand rather than mouse CD47
(Takenaka et al., 2007). This induces mouse macrophage phagocytic tolerance of human cells, thus

supporting engraftment. It is also speculated that the SIRPa-CD47 interaction may induce signalling
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pathways in the human hemapoetic cells, supporting survival alongside engraftment (Takenaka et al.,
2007).

NOD mice are commonly bred to contain either the scid mutation (NOD/scid) or a deletion in
the recombinase activating genes (Rag) 1 or 2 (NOD/Rag”") to achieve immunodefiency. Scid mice
commonly refers to those carrying a mutation in Prkdc™, the catalytic polypeptide of the DNA-
activated protein kinase essential for recombination of B and T cells. This causes severe combined
immunodeficiency (scid) in the mouse, and was originally identified as a spontaneous mutation in a
litter of CB17 mice (Bosma et al., 1983). Alternatively, mice can be genetically engineered to contain
targeted mutations in Ragl or Rag2 (Mombaerts et al., 1992; Shinkai et al., 1992). Both genetic
alterations were shown to impair T and B lymphocyte maturation and abolish the development of
adaptive mouse lymphocytes. The presence of either of these mutations in the NOD background
enhances immune deficiency (Rongvaux et al., 2013). The Prkdc*“® mutation found in scid mice is
widely involved in DNA repair, whereas Ragl and Rag2 expression is limited to DNA recombination in
haemopoietic cells (Pearson et al., 2008). Therefore scid mice are more sensitive to radiation induced
DNA damage, whereas Rag mice are more tolerant to the sub-lethal irradiation commonly preceding
introduction of human cells into immunodeficient mice (Fulop and Phillips, 1990; Pearson et al., 2008;
Shultz et al., 2007).

Further developments have led to the introduction of an additional mutation in the
Interleukin-2 receptor common y-chain (IL-2Ry) to NOD mice carrying either scid or Rag mutations
(referred to as NSG and NRG mice respectively) resulting in a higher engraftment rate (DiSanto et al.,
1995; Ito et al., 2002; McDermott et al., 2010; Pearson et al., 2008). The IL-2Ry is a cytokine receptor
chain shared by many cytokines (including IL-2, IL-4, IL-7, IL-9, IL-15 and IL-21) and therefore the
mutation in IL-2Ry impairs innate immune signalling (Leonard, 2001; Shultz et al., 2007). The lack of
IL-7 signalling also impairs the development of innate lymphoid cell precursors (Kang and Coles, 2012).
In addition, NK development and maintenance requires IL-15 signalling, therefore deletion of IL-2Ry

further impairs NK mediated elimination of human xenografts (DiSanto et al., 1995). The combination
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of mutations in either scid or Rag with IL-2Ry, alongside the already immunodeficient NOD
background results in severely immunocompromised mice permissive to significant human immune
cell engraftment (Shultz et al., 2007). The level of human immune cell engraftment in the blood, spleen
and bone marrow of NOD mice with IL-2Ry mutation carrying either scid or Rag mutations is
comparable between the two models (Pearson et al., 2008).

These severely immunocompromised mice are engrafted with human immune system
components through the introduction of human hemopoietic cells isolated from different sources.
Cells are usually administered intravenously to adult recipient mice or intra-hepatically to new born
recipient mouse. More efficient engraftment of human hemopoietic cells is seen in new born mice
compared to adult mice (Drake et al., 2012; Traggiai et al., 2004). Commonly, human haemopoietic
CD34* cells are isolated either from foetal liver (Strowig et al., 2009; White et al., 2012), cord blood
(Ito et al., 2002; Traggiai et al., 2004), adult peripheral blood or adult bone marrow (Drake et al., 2012;
Pearson et al., 2008). The engraftment of mice with human immune system components is elevated
when CD34"¢ cells are derived from foetal liver or cord blood, compared to cells obtained from adults
(Drake et al., 2012; Matsumura et al., 2003). However, availability and ethical considerations of cord
blood or foetal liver derived cells can be limiting. The introduction of human haemopoietic cells into
severely immunocompromised mice has been shown to result in engraftment of mouse tissues with
multiple lineages of human immunological cells including B cells, T cells, NK cells, dendritic cells and
macrophages (Pearson et al., 2008; Traggiai et al., 2004).

A further improvement within the field of hu-mice models is the BLT (bone-liver-thymus) hu-
mice model. This NOD/scid model uses surgical introduction of foetal liver and thymus tissue
fragments under the renal capsule, preceding intravenous injection of HSC isolated from the same
donor liver (Brainard et al.,, 2009; Lan et al., 2006; Melkus et al., 2006). This provides a human
microenvironment enabling robust intrathymic selection and development of human T cells
subsequently providing T cell help for efficient antibody production with class switching, supporting

more representative human T and B cell immunological activity. In addition, rudimentary immune
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lymphoid structures can be observed in these mice (Brainard et al., 2009; Lan et al., 2006; Melkus et
al., 2006). Although this is the only method that results in the generation of a human-like mucosal
immune system, the use of this model is limited by the requirement of surgical knowledge and
facilities, as well as foetal tissues (Shultz et al., 2012).

Further methods to improve hu-mouse models are ongoing, such as introduction of human
cytokines to enhance innate immune cell development, with introduction of recombinant human IL-
15 shown to enhance human NK cell development and maturation in hu-mice (Drake et al., 2012;
Huntington et al., 2009). Enhancement of humoral responses is also required to better model the
human immune system and is a focus for development. It has been shown that B cell development
can be improved in BLT humanized mice through transgenic expression of human stem cell factor
(SCF), granulocyte-macrophage colony-stimulating factor (GM-CSF) and IL-3, leading to the generation
of antigen-specific antibody responses to Dengue infection (Jangalwe et al., 2016). In addition, NSG
mice have been transgenically engineered to express human HLA class | heavy and light chains, which
overcomes the lack of thymic human T-cell selection through HLA class | molecule interaction. This
permitted functional human T cells expressing cytotoxic molecules and cytokines in hu-mice (Shultz
et al., 2010).

Mice carrying human immune system components permit infection of viruses with tropisms
for human immune cells such as EBV and HIV. These small animal models have allowed an expanse of
knowledge of human tropic pathogens and the improvement of the models bring immeasurable
benefit to biomedical research (Fujiwara et al., 2013). The mice used in this study carry Rag and IL2-
Ry mutations in the NOD background and are referred to as NOD/Rag”/IL2-Ry™" (NRG) mice.

Hereafter NRG refers to these mice following the humanization process.
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1.5.5. EBYV infection of mice with human immune system components

1.5.5.1.  Studying EBV-associated tumorigenesis in mice

Many hu-mice models have been shown to support EBV infection with EBV associated
diseases and lymphomagenesis recapitulated in these systems. These models have enabled various
insights into EBV pathogenesis and viral mechanisms (Berges and Tanner, 2014; Fujiwara et al., 2015;
Guijer et al., 2015; Traggiai et al., 2004).

EBV positive tumours have been identified in various organs in infected hu-mice, including the
spleen, liver, lymph nodes and kidney (Traggiai et al., 2004; Yajima et al., 2008). As B cells in hu-mice
are predominantly characterised as naive, there appears to be a bias for latency Ill EBV infection.
Lymphoproliferative lesions following approximately 4-6 weeks of infection predominantly express a
latency Il phenotype (Ma et al., 2011; Strowig et al., 2009; Yajima et al., 2008). In line with a latency
Il phenotype, EBV-transformed cells can be isolated from infected mice and grow out into
continuously proliferating LCL (Strowig et al., 2009; White et al., 2012). Interestingly, even in the
absence of tumour development, in some hu-mice the bone marrow and spleen contain detectable
EBV DNA and have been shown to express EBNA1, EBNA2, LMP1 and LMP2a viral gene expression,
indicative of a latency Ill programme (Yajima et al., 2008). In humans, the latency Il phenotype is
commonly found in PTLD and AIDS-associated DLBCL, therefore making these hu-mice attractive
models for these diseases (Gujer et al., 2015).

Hu-mice have also been shown to exhibit latency | and Il phenotypes with reduced latent
protein expression, representative of BL and HL in humans (Cocco et al., 2008; Islas-Ohlmayer et al.,
2004; Lee et al., 2015). The composition of lymphocytes within hu-mice is thought to affect the
development of EBV-induced lymphoma subtypes following infection. B cell dominant mice were
shown to be more likely to exhibit a more DLBCL phenotype, compared to mice with elevated T cell
levels, which were more likely present with to HL-like pathology. These HL-like tumours had a latency
Il viral protein expression phenotype, but B cells exhibiting a latency lll phenotype were shown to

coexist in these mice (Lee et al., 2015). It is yet to be determined why hu-mice present with different
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clinical manifestations following EBV infection. However, it may be reflective of the different hu-mice
models used in the studies and their respective biological variation, the time frames of infection used,
or the use of different virus strains or virus quantities administered.

Hu-mice have expanded the study of immune responses against EBV. Antibody mediated T
cell depletion has been shown to result in enhanced EBV mediated lymphomagenesis and elevated
viral loads in EBV infected NSG mice (Strowig et al., 2009). BLT mice have been shown to support EBV
infection and have been shown to mount EBV specific adaptive MHC restricted T cell immune
responses (Melkus et al., 2006). Furthermore, depletion of NK cell activity in hu-mice indicated the
importance of the innate response against the virus, with elevated lymphomagenesis and
pathogenesis following EBV infection of hu-mice lacking NK activity (Chijioke et al., 2013).

Hu-mice have allowed detailed study of the in vivo biology and roles of specific EBV lytic and
latent proteins, through infection with genetically engineered recombinant KO viruses. Infection of
BLT hu-mice with replication defective recombinant EBV lacking the lytic BZLF1 gene indicated that
BZLF1 enhances lymphomagenesis through induction of abortive lytic infection (Ma et al., 2011). Using
a novel hu-mouse model whereby haemopoietic cord blood cells were infected with EBV lacking LMP1
before introduction into adult severely immunocompromised mice, LMP1 was shown to be
dispensable for EBV persistence in vivo, with T cell help speculated to substitute for the functions of
LMP1 (Ma et al., 2015). Furthermore, LMP1 was shown to collaborate with LMP2A to promote
lymphomagenesis using recombinant viruses with independent or simultaneous deletions in these
two latent proteins. In addition, both LMP1 and LMP2A were shown to be non-essential for in vivo
EBV infection (Ma et al., 2017). Furthermore, the tumour suppressive role of EBNA3B was also
determined in hu-mice models using a KO recombinant virus [(White et al., 2012) described in detail
in Section 1.5.5.2], and EBNA3A and EBNA3C were recently shown to be dispensable for persistence
of EBV in vivo using recombinant viruses with deletions of these proteins [(Murer et al., 2018)

described in detail in Chapter V]. Analysis of hu-mice infected with recombinant EBV containing
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deletions in viral genes of interest reveals the functions and requirements of these genes within in the

life cycle and pathogenesis of EBV.

1.5.5.2. The role of EBNA3B in vivo
Please note this section is taken directly from the author’s previously published literature review (Styles
et al., 2018).

Infection of hu-mice with a recombinant EBV virus lacking the EBNA3B gene, revealed great
insight into the functions and roles of this EBNA3 protein. Despite structural and partial sequence
homology, EBNA3B has distinctly different functions from those of the oncogenic EBNA3A and
EBNA3C. It is completely dispensable in vitro, and B cells infected with EBV in the absence of EBNA3B
exhibit elevated proliferative capacity compared to WT (Allday et al., 2015; Tomkinson and Kieff, 1992;
White et al., 2012). This phenotype contrasts with that of the reduced efficiency of B cell
transformation by EBNA3A-null EBV and the inability of EBNA3C-null EBV to cause LCL outgrowth
(Hertle et al., 2009; Maruo et al., 2003; Skalska et al., 2013; Tomkinson et al., 1993).

In contrast to the oncogenic functions of EBNA3A and EBNA3C, EBNA3B appears to have
tumour suppressive activity in vivo (White et al., 2012). In NSG mice engrafted with human immune
system components, those infected with EBNA3B-KO exhibited increased splenomegaly and a higher
frequency of large tumour masses than WT and EBNA3B-revertant infections after four weeks. These
tumours destroyed splenic architecture, and by immunohistochemistry were monomorphic and highly
proliferative, resembling the activated B cell (ABC) subtype of DLBCL. Furthermore, tumours derived
from EBNA3B-deficient infections lacked infiltrating T cells. This was despite these infections priming
a stronger systemic immune response compared to WT and revertant virus infections, with a higher
percentage of splenic T cells, including CD8*'¢ T cells capable of killing EBV-positive cells in vitro (White
et al., 2012). This is potentially a result of an absence of EBNA3B-mediated activation of the T cell
migratory chemokine CXCL10, although microarray studies have identified other chemokine,
chemokine receptor, and integrin genes whose expression is altered in EBNA3B-KO LCLs that could

also contribute to the exclusion of T cells from the tumour (White et al., 2010, 2012). Together, this
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indicates that EBNA3B plays a role in immunological trafficking and T cell surveillance of tumours.
Furthermore, EBV-positive ABC-DLBCL with non-sense mutations in the EBNA3B gene, and BL and HL
with in frame deletions in EBNA3B, have also been identified in humans; suggesting that EBV
mutations can contribute to occurrence of these cancers (White et al., 2012).

The roles of EBNA3A and EBNA3C in vivo and persistence of EBV in the absence of these
oncogenic proteins in hu-mice was investigated through the course of this PhD and is discussed in
Chapter V.
1.5.5.3.  Limitations of humanised mice in EBV research

Although the technical advances in mice with human immune system components are
extensive, there remain limitations for the study of human diseases in these models. These limitations
must be deliberated when considering the translation of in vivo results into the phenotype within
humans.

There remain constraints to overcome to further the humanisation of the immune system in
mouse models to enhance biomedical research of human immune cell tropic pathogens. This includes
the homing of human immune cells to haematopoietic tissues, the use of human cytokine support,
the presence of secondary lymphoid tissue and a thymic microenvironment for maturationof Band T
cells, alongside further increasing the deficiency of mouse innate immune systems. These are all
required to better model the human immune system (Shultz et al., 2007). Overall, increasing human
engraftment and particularly lineage differentiation will aid more accurate recapitulation of human
diseases in hu-mice.

The B cell compartment within hu-mice is largely comprised of transitional B cells and naive B
cells. The lack of secondary lymphoid tissue prevents the GC reaction, therefore resulting in poor
development of CSR and SHM, preventing maturation and differentiation of B cells (Rongvaux et al.,
2013). The use of IL-2Ry mutations prevents IL-7 signalling which is required for the development of
innate lymphoid precursor development; a prerequisite of lymphoid tissue induced cell differentiation

and GC establishment (Lane et al., 2012). EBV infection of naive B cells presents with a latency Il
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phenotype, however the impaired GC reactions in most hu-mice prevents MBC differentiation,
hindering research into long term latency of EBV disease (Rongvaux et al., 2013; Roughan and Thorley-
Lawson, 2009). Aside from the BLT model, a lack of secondary lymphoid tissues in hu-mice models
needs to be overcome to further investigate EBV long-term latency and persistence.

In terms of humoral responses to infection and the stages of EBV latency, the poor
development of secondary lymphoid tissues at mucosal sites and GCs in mice with human immune
system components impedes the study of antibody responses to EBV in vivo, as differentiation of PC
is impaired (Rongvaux et al., 2013; Seung and Tager, 2013). Enhanced T cell help for class switching
and the development of GCs would enhance study in this area (Shultz et al., 2012).

Alongside limits in the human immune system composition of hu-mice, the lack of human
epithelial tissue, and therefore infection via the oropharyngeal physiological route, also limits the
study of EBV, as transmission of the virus cannot be modelled.

Considering the frequency of EBV-associated malignancies in immunocompetent hosts
worldwide, the presence of EBV induced tumours is comparatively higher in humanised mice following
infection with EBV (Ma et al., 2017; White et al., 2012). This must be considered when extrapolating
results in humanised mice to disease in humans whereby only a fraction of hosts exhibit tumour
development. This also prevents assessment of why only in some hosts does infection with highly
ubiquitous EBV lead to cancer progression. Instead, hu-mice infection with EBV is more representative
of infection of immuno-compromised human hosts (Strowig et al., 2009; Yajima et al., 2008).

Finally, hu-mice are commonly reconstituted with HSC isolated from foetal liver or cord blood
that subsequently produce human lymphocytes in hu-mice. However, typically in vitro EBV studies use
B cells isolated from adult peripheral blood, which have been exposed to various pathogens over their
lifetime. This could lead to further potential discrepancies between results gained in vitro and in vivo.
The variation in the age and developmental environment of these two cell populations could
potentially lead to differences in immunological activation and maturation. Consequentially, these cell

populations may exhibit differential expression and regulation of cell cycle regulatory factors. For
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example, level of the CDKI p16™%*, the crucial barrier for EBV mediated B cell transformation, has
been suggested to increase with age and is therefore comparatively low in foetal tissues compared to

adults (Skalska et al., 2013; Sorrentino et al., 2014).
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1.6.

Aims of this study

The primary aim of this PhD project was to further characterise the roles and functions of the

EBV oncoproteins EBNA3A and EBNA3C in EBV persistence and latency in vitro and in vivo. The specific

aims for these two lines of investigation are detailed below.

1.6.1.

1.6.2.

Aims for the study of EBNA3A and EBNA3C in vitro

Use BAC and ER technology to generate a conditional recombinant EBV virus in which
functional expression of EBNA3A and EBNA3C can be simultaneously regulated by the
activating ligand HT

To use the newly constructed double conditional virus, alongside previously generated viruses
where EBNA3A and EBNA3C are independently regulated, to further characterise the
overlapping and independent roles of EBNA3A and EBNA3C in cell cycle deregulation and viral
latency

To investigate whether EBNA3A and EBNA3C regulate the CDKI and plasma cell differentiation

8INK4C

factor p1 , and explore whether this has implications regarding the B cell to plasma cell

differentiation pathway

Aims for the study of EBNA3A and EBNA3C in vivo
To establish a mouse model system with human immune system components, and
subsequently infect the mice with recombinant EBV viruses
Establish protocols for the analysis of EBV latency in the humanised mice model
Investigate the outcome of infection of humanised mice with EBV in the absence of the
EBNA3A and EBNA3C oncoproteins, and the absence of the entire EBNA3 locus, to assess the
roles of these proteins in EBV persistence and lymphomagenesis
To determine the viability of using conditional ERT2 HT-dependent recombinant EBV viruses
in vivo, by infection of humanised mice with and without exposure to the activating ligand HT

through the selective use of tamoxifen-impregnated food
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2. Chapter ll: Materials and Methods

2.1. Solutions and buffers

All solutions and buffers were made up with Milli-Q® water (mQH,0) unless stated otherwise.
Ethylenediamine tetre-acetic acid (EDTA) was neutralised to pH 8.0 with NaOH unless stated
otherwise.

Agarose gel loading buffer (6x)

25% (w/v) Ficoll 400

25 mM EDTA

0.1% (w/v) Bromophenol blue

0.1% (w/v) Xylene cyanol

Alkaline SDS

1% (w/v) SDS

0.2 M NaOH

Ammonium acetate (7.5 M)

500 g of ammonium acetate (Sigma Aldrich) was made up to 800 ml with mQH-0
Ammonium persulphate (10%)

1 g of ammonium persulphate was made up to 10 ml in mQH0
Blocking solution for western blot

5% (w/v) of skim milk powder (Sigma Aldrich) in PBS-Tween
CD34 selection buffer

2% FCS (v/v) in PBS

Filter sterilised, stored at 4°C.

GTE

50 mM glucose

50 mM Tris-HCl, pH 8.0
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50 mM EDTA

Autoclaved and stored at RT.

Hepatocyte wash buffer

2 mM L-glutamine

25 mg Gentamicin sulfate

100 units/ml penicillin

0.1 mg/ml streptomycin

Added to a 500 ml bottle of GIBCO® Williams E medium (Thermo Fisher)
4-hydroxytamoxifen

4 mM stock (10,000x) prepared by resuspending 5 mg of 4-hydroxytamoxifen (Sigma) to a total of 3.22
ml of 100% ethanol. Aliquots were stored at -20°C in the dark and diluted 1:10 in 100% ethanol for use
in cell culture.

KPB (20x)

340 mM KH;PO4

1.4 M K;HPO,4

Filter sterilised and stored at RT.

LB-Broth

1% (w/v) Bacto-tryptone

0.5% (w/v) Yeast extract

1% (w/v) NaCl

Autoclaved and stored at room temperature.

LB-Agar

1% (w/v) Bacto-tryptone

0.5% (w/v) Yeast extract

1% (w/v) NaCl

1.5% (w/v) Agar
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Autoclaved and cooled before pouring into plates. Plates stored at 4°C.

LB-Agar with 5% sucrose (w/v)

Autoclaved in 90% of required volume; then 10% volume of 50% sucrose solation was added after
cooling to 60°C in a waterbath.

Liver digestion buffer

0.1% (w/v) collagenase

40 mM HEPES pH 7.0

2 mM CaCl,

2 U/ml DNAse | (Sigma Aldrich)

Made up to 50 ml with GIBCO® HBSS +/+ medium (Thermo Fisher).

MACS Running buffer

PBS supplemented with 2 mM EDTA, 0.5% (w/v) BSA, filter sterilised and stored at 4°C.
MACS Rinsing buffer

PBS supplemented with 2 mM EDTA, filter sterilised and stored at RT.

Phosphate buffered saline (PBS)

10 mM phosphate buffer (pH7.4)

2.7 mM KCI

137 mM NaCl

PBS/BSA

1% BSA (w/v) dissolved in PBS.

Filter sterilised and stored at 4°C.

PBS-Tween

PBS supplemented with 0.1% (v/v) Tween-20 (Sigma).

Peptide 6

50 mg of peptide 6 resuspended in 50 ml OptiMEM | (Invitrogen). Stored at -80° € in aliquots.

PMSF
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100 mM (phenylmethanesulfonyl fluoride) PMSF resuspended in isopropanol and stored at -20°C in

aliquots.

RIPA buffer (5x)

250 mM Tris-HCI, pH 8.0

750 mM NaCl

5% (v/v) NP40

2.5% (w/v) Sodium deoxycholate
0.5% (v/v) SDS

RIPA lysis buffer

1x RIPA buffer

4% protease inhibitor cocktail

1 mM PMSF

Made up in distilled H,0O
SDS-PAGE Running buffer (10x)
250 mM Tris-Base

1.92 M Glycine

1% (w/v) SDS

SDS-PAGE sample loading buffer (5x)
250 mM Tris-HCI, pH 6.8

50% (v/v) Glycerol

10% (w/v) SDS

5% (v/v) B-mercaptoethanol
0.1% (w/v) Bromophenol blue
SDS-PAGE Transfer buffer

10% 10x SDS-PAGE running buffer

23.3% (v/v) Ethanol
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STET

8% (w/v) Sucrose

50 mM Tris-Base, pH 8.0
50 mM EDTA

0.1% Triton X-100
Superbroth

1.2% (w/v) Bactotryptone
2.4% (w/v) Yeast extract
0.4% (v/v) Glycerol
Water added to 95% of intended volume. Autoclaved and stored at RT, 5% (v/v) of autoclaved 20x KPB
was added before use.
TBE Buffer (10x)

0.89 M Tris-Base

0.89 M Boric acid

20 mM EDTA

TE Buffer

10 mM Tris-HCl, pH 8.0

1 mM EDTA, pH 8.0
T1oE2s Buffer

10 mM Tris-HCl, pH 8.0
25 mM EDTA, pH 8.0

TE saturated butanol

1:2 solution of TE and n-butanol made up in 50 ml falcon tubes and mixed by shaking then centrifuged

at 1600 xg for 5 minutes. Only the top (organic) layer was used.
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2.2. Cell culture protocols

2.2.1. Maintenance of cell lines and culture medium

A summary of cell lines used in this study can be found in Table 2.1. Cell lines were maintained
in a humidified incubator at 37°C and 10% CO,. Cell lines were cultured in RMPI 1640 medium (Gibco)
supplemented with 10% FCS (Gibco) and penicillin (100 units/ml) and streptomycin (0.1 mg/ml).
Additional cell line specific supplements are summarised in Table 2.2.

Suspension cell lines were passaged 2 to 3 times a week. Cells were homogenised by pipetting
and approximately two thirds of the culture removed by vacuum aspiration before diluting the
remaining cells in pre-warmed fresh media according to cell density requirements. Suspension cell
cultures were maintained at approximately 10 ml and expanded as required for experiments.

Adherent cell lines were cultured in T75 cm? flasks and split every 5-7 days as required. For
this, medium was removed and cells gently washed once with 10 ml pre-warmed PBS. Cells were then
detached by incubation with 3 ml of warmed 0.05% Trypsin-EDTA (Gibco) for 5 minutes at room
temperature (RT). Then 5 ml of fresh medium was added, and cell clumps broken up by pipetting
before transfer of a fraction of the cells to a fresh flask as per the cell density requirements. For EBV-
293 producer lines this was usually % of the cell culture. Adherent cells were then maintained with 20
ml of growth medium within a T75 cm? flask.

Table 2.1. Cell lines used in this study.

Cell Line Cell Type | Description Reference

WT A4 HEK 293 EBV WT producer line Generated by Adam Gillman
3AKO M16 HEK 293 EBV 3AKO producer line (Anderton et al., 2008)
3CKO M9 HEK 293 EBV 3CKO producer line (Anderton et al., 2008)
E3KO JY6-C2 HEK 293 EBV E3KO producer line (White et al., 2010)

EBV conditional 3AERT2
3AERT2 NL1 HEK 293 producer line (Bazot et al., 2015)

EBV conditional 3CERT2
3CERT2 NL4 HEK 293 producer line (Styles et al., 2017)
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This study, generated by Christine
EBV  conditional 3A3CERT2 | Styles [Chapter lll, (Styles et al.,
3A3CERT2 C9 HEK 293 producer line 2017)]
B cell
U266 lymphoma | EBV negative (Nilsson et al., 1970)
Raji BL EBV positive (Epstein et al., 1966)
Namalwa BL EBV positive (Klein et al., 1972)
Produced in this study from CD19*
primary B cells from different
WT LCL LCL BAC B95.8, EBV positive independent donors
Produced in this study from CD19*
LCL with conditional expression | primary B cells purified from
3AERT2 LCL LCL of EBNA3A different independent donors
Produced in this study from CD19*
LCL with conditional expression | primary B cells purified from
3CERT2 LCL LCL of EBNA3C different independent donors
Produced in this study from CD19*
LCL with conditional expression | primary B cells purified from
3A3CERT2 LCL | LCL of EBNA3A and EBNA3C different independent donors

Table 2.2. Cell line specific cell culture conditions.

Cell Line

Basic culture medium

Supplements

Established LCLs (including

Raji and Namalwa)

U266

Newly infected CD19"¢

primary B cells

Lymphocytes derived from
the spleen of EBV infected

humanised mice

RPMI 1640 medium

(containing L- glutamine)
e 10% FCS
e Penicillin (100 units/ml)

e Streptomycin (0.1 mg/ml)

N/A

N/A

- 15% FCS for the first 30 days after
infection, before reduction to 10%
as per LCLs

- Additional 2mM L-glutamine

- 15% FCS for the first 30 days post
isolation, before reduction to 10%

as per LCLs
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- Additional 2mM L-glutamine

- Cyclosporine A at 500 ng/ml

Adherent HEK-293 - Additional 2mM L-glutamine
Adherent HEK-293 - Additional 2mM L-glutamine
producer lines - 100 pg/ml Hygromycin B (Roche)

2.2.2. Cell line storage and thawing

For long term storage, cells lines were stored in liquid nitrogen. Suspension cell lines were
seeded at 3x10°/ml one day prior to freezing, and adherent cells were frozen when they reached
confluence. Adherent cells underwent Trypsin-EDTA detachment as detailed in 2.2.1 prior to harvest.
Cells were homogenised by pipetting and then centrifuged at 215 xg for 10 minutes at 4°C. Cells were
then resuspended in RPMI 1640 medium (Gibco) supplemented with 20% FCS (Gibco) and 10%
dimethyl sulfoxide (DMSO, VWR Chemicals) and 1 ml transferred to a cryovial (Thermo Scientific).
Cryovials were placed into an isopropanol-filled Mr Frosty™ freezing container (Thermo Scientific) and

stored at -80°C for approximately 24 hours until transfer to liquid nitrogen.

For cell line recovery from liquid nitrogen storage, cells were rapidly thawed in a water bath
at 37°C before dilution in 10 ml growth medium. Cells were then centrifuged at 300 xg for 4 minutes
at 4°C before resuspension in an appropriate volume of growth medium, usually 10 ml for suspension
cells and 20 ml for adherent cells. Cells were left to recover for at least 1 week before being used in

experiments.

2.2.3. Counting and harvesting cells

Cells were counted using a haemocytometer and light microscope. Cells were homogenised
by vigorous pipetting, 10 pl of cells was then diluted 1:1 in 0.4% trypan blue (Sigma-Aldrich). Live cells
that did not incorporate the blue dye in a defined region of the haemocytometer grid were counted.

For cell count experiments, cells were counted as described on day 0 and seeded at 3x10°/ml and
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incubated for 2-3 days. Cells were then counted and again seeded to 3x10°/ml in fresh medium. This
was repeated for up to 30 days.

Unless stated, suspension cells were seeded at 3x10°/ml 1 day before harvesting, and
adherent cells harvested when confluent. Media was removed from adherent cells and they were
washed once in 10 ml pre-warmed PBS. A cell scraper was then used to detach cells into 1 ml PBS and
the suspension homogenised by pipetting. Cells were then centrifuged at 300 xg for 4 minutes at 4°C.
Suspension cells were homogenised by pipetting and were centrifuged at 300 xg for 4 minutes at 4°C
and washed once in cold PBS. Both cells types were then pelleted again as before, and if not already
in one, transferred to a 1.5 ml Eppendorf in 1 ml cold PBS. Cells were pelleted at 376 xg for 5 minutes
at RT and the supernatant removed. Cells were then either snap frozen, by placing into dry ice and

transferred to -80°C until further extraction, or analysis performed immediately.

2.2.4. In vitro induction of plasma cell differentiation

CD19* primary B cells were isolated as detailed in Section 2.3.2. Purified CD19* primary B cells
were seeded at 2x10%/ml in 2ml of growth medium supplemented with 15% FCS, 100 units/ml
Penicillin and 0.1 mg/ml streptomycin. For induction of plasma cell differentiation, 50 ng/ml CD40-
Ligand (Enzo Life Science) and 100 ng/ml IL21 (Preprotech) were then added to the culture. Cells were

incubated for 5-7 days and harvested as described in Section 2.2.3 for analysis.

2.3. Isolation of surface marker specific cell populations

2.3.1. Isolation of peripheral blood leucocytes (PBLs) from peripheral blood

Buffy coat residues derived from anonymous donors were obtained from the UK Blood
transfusion service. Individual buffy coats contained approximately 100-120 ml of peripheral blood.
The blood was diluted to 200 ml with cold sterile PBS. Then 25 ml of diluted blood was carefully layered
over 25 ml of Ficoll-Paque (GE Healthcare) at RT. This was then centrifuged at 339 xg with both
acceleration and brake off for 30 minutes at RT. The lymphocyte fraction, identified as a grey/white

interface in the centre of each tube was carefully removed and pooled into 100 ml wash buffer (RPMI,
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1% FCS). This was centrifuged for 5 minutes, at 339 xg with the brake off at 4°C. The supernatant was
removed and the pellet containing peripheral blood leucocytes (PBLs) was resuspended in 200 ml
wash buffer (RPMI, 1% FCS) before centrifuging for 5 minutes as before. The pellet was then
resuspended in 50 ml growth medium and passed through a 70 nm cell strainer to remove cell
aggregates.

Murine peripheral blood was obtained by cardiac puncture, as detailed in Section 2.10.4.1.
Peripheral blood obtained from mice infected with the same recombinant EBV virus were pooled and
diluted to 7 ml in PBS. This diluted blood was then layered over 7 ml ficoll at RT. This was then
centrifuged at 339 xg, with both acceleration and brake off for 30 minutes at RT. The PBL fraction was
then collected as described above and washed twice in 10 ml of wash buffer (RPMI, 1% FCS) before
being resuspended in 10 ml full growth medium and passed through a 70 nm cell strainer.

PBLs were then counted as described in Section 2.2.3, and either seeded at 2x10%/ml or
subject to CD19*'¢ primary B cell purification.

2.3.2. Purification of CD19* primary B cells

Primary B cells were purified from PBLs (isolated as described in Section 2.3.1) by magnetic
sorting using an AutoMACS Separator (Miltenyi Biotec). Up to 10° PBLs were pelleted at 215 xg for 5
minutes at 4°C. The supernatant was then removed and cells resuspended in 8 mI MACS running buffer
containing 500 pl CD19 selection microbeads (Miltenyi Biotec). Cells were incubated for 15 minutes
at 4°C to allow magnetic labelling of the CD19* primary B cells. Following incubation, the volume was
made up to 50 ml with PBS/BSA before centrifugation as before. Cells were then resuspended in 5 ml
MACS running buffer. Resuspended cells were run on an AutoMACS Separator (Miltenyi Biotec) and
CD19* magnetically labelled cells were positively sorted according to the manufacturers protocol,
referred to as the ‘possel’ programme.

Purified CD19* B cells were resuspended in full growth medium at 2x10%/ml and placed in an
incubator at 37°C and 5% CO,. The next day purity was assessed by flow cytometry (See Section

2.8.2.1) and cells infected with recombinant EBV viruses (see Section 2.6.4).

104



2.3.3. Purification of CD34* hematopoietic stem cells

CD34* haemopoietic stem cells were purified from foetal livers obtained from Advanced
Bioscience Resources Inc, and isolated using CD34-specific magnetic beads and an EasySep Magnet
(Stem Cell Technologies) as follows.

Liver tissue was mechanically disrupted in a 10 cm dish using sterile curved scissors and then
digested in 20 ml Liver Digestion Buffer (LDB) in a 37°C incubator on a rocker for 30 minutes. Digested
homogenised liver was then passed through a 70 um cell strainer. This was performed in 5 ml batches
and a plunger from a sterile 5ml syringe was used to gently push fragments through the strainer. The
strainer was repeatedly rinsed with 5 ml hepatocyte wash buffer (HWB) following each 5 ml of
digested liver. The volume of the cell suspension was then increased to 50 ml with HWB. The cell
suspension was centrifuged at 20 xg for 5 minutes at RT to pellet hepatocytes, and the supernatant
(containing ‘smaller’ cells including CD34*¢ cells) removed to a fresh tube. Cells were then spun at 524
xg for 5 minutes at RT, and then resuspended in 50 ml HWB. Cells were then filtered through a 40 um
cell strainer and counted (see Section 2.2.3). Cells were then spun at 524 xg for 5 minutes at RT and
resuspended in CD34 selection buffer (PBS with 2% FCS) at 5x108/ml. Cells were then transferred to
5ml polystyrene tubes, at 1 ml per tube and 100 ul/ml EasySep human CD34 positive selection cocktail
(Stem Cell Technologies) added. This was then incubated for 15 minutes at RT. Then 50 ul/ml EasySep
magnetic particles (Stem Cell Technologies) was added and cells incubated for a further 10 minutes at
RT. The 1 ml of cells per tube was then diluted to 3 ml with CD34 selection buffer and the tubes placed
into an immunomagnetic column-free magnet for 5 minutes on ice. Following incubation, excess liquid
was poured out of the tube, while said tube remained within the magnet, retaining the CD34*¢ cells
on the side of the tube. The tube was them removed from the magnet and the sides gently rinsed with
3 ml CD34 selection buffer. Tubes were then returned to the magnet for a further 5 minutes, on ice.
This was repeated 4 times. After the 5™ wash, cells were resuspended 3ml HWB, pelleted by

centrifugation and then frozen down at 2x108/ml in 90% FCS/10% DMSO.
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2.4. Cloning and techniques for DNA manipulation

Vector NTI® Advance software (Invitrogen) was used to establish cloning strategies and aided
construct design and diagnosis. Briefly, plasmids containing DNA fragments with the required
sequences and exons were identified and restriction enzymes used to excise the desired fragments.
Digested DNA fragments were run on agarose gels, and the separated DNA fragment was cut from the
gel and then DNA purification and ligation performed. The constructs were transformed into bacteria
and those successfully transformed were selected based on engineered antibiotic resistance.
Constructs were further selected on temperature sensitivity with some (pKovKanACm; pDF25-Tet)
containing TS origins that only grow at 30°C, while others (eg the whole EBNA3 locus) that are large
and/or contain repeats than can be unstable, were grown at 30°C to improve construct stability.
Construct DNA was extracted from bacteria and purified by mini-prep before confirmation by
diagnostic restriction digest, followed by conventional agarose gel electrophoresis and/or pulsed field
gel electrophoresis (PFGE). Successfully cloned constructs were used for further sub-cloning or
transfection. A list detailing the constructs used in this study can be found in Table 2.3, and construct
maps can be found in the Appendix.

Table 2.3. List of constructs used in this study.

Name Description Source

p4487.1 pKovKanACm (White et al., 2003)

RecA gene + tetracyclineresistance, temperature

pDF25-Tet | sensitive replication origin (Lalioti and Heath, 2001)
pQB-01 Source of ERT2 and EBNA3B (Bazot et al., 2015)
pQB-02 Source of EBNA3C-ERT2 Dr Quentin Bazot
pJY07.1 Contains EBNA3 locus used for reverting E3KO (Yee et al., 2011)
pJY06+3.2 | E3KO BAC (Yee et al., 2011)

Minimal pBR322-based plasmids with multiple

p8195 cloinng sites and ampicillin resistance Dr Rob White

Minimal pBR322-based plasmids with multiple

pRP004.7 | cloinng sites and ampicillin resistance Dr Rob White
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2.4.1. Small scale preparation of plasmid DNA (mini-prep)

Bacterial colonies were grown at 37°C overnight (o/n) on agar with required antibiotics.
Following incubation, individual bacterial colonies were picked using a p200 tip and placed into 1.5 ml
super-broth (SB) with required antibiotics and grown o/n at 37°C with agitation. The resulting bacterial
culture was then centrifuged at 1503 xg for 5 min, and the pellet resuspended in 70 pl STET. Then 200
ul alkaline SDS was added while vortex mixing. During further vortexing, 150 pl 7.5 M ammonium
acetate was added and samples placed on ice for 5 minutes. The samples were then centrifuged at
4°C and 9391 xg for 15 minutes. The DNA-containing supernatant was then recovered, and 240 ul
isopropanol added to precipitate the DNA. DNA was then isolated by centrifugation at 9391 xg for 5
minutes. The supernatant was removed and the resulting pellets were washed in 200 pl of 70%
ethanol. Samples were then spun at 9391 xg for 3 minutes and the supernatant removed. After 5-15
minutes air drying, DNA was resuspended in 50 pul Tris-EDTA buffer (TE).

2.4.2. Large scale preparation of BAC DNA (maxi-prep) by caesium chloride density
gradient

Bacterial colonies were grown o/n on agar with their required antibiotics. Following
incubation individual bacterial colonies were picked using a p200 tip and placed into 1ml SB with
required antibiotics and grown for 8 hrs at 30-37°C (depending on construct) with agitation. Cells were
then transferred into 500 ml SB with required antibiotics and grown o/n at 37°C with agitation. The
next day bacteria were centrifuged for 15 min at 4000 rpm in an SLA-1500 rotor. The resulting pellet
was then resuspended in 40 ml GTE. Then 80 ml alkaline SDS was added, and the samples were mixed
by inversion. Then 60 ml ammonium acetate was added, the samples mixed and then placed on ice
for 15 minutes. Bacterial samples were then centrifuged at 6000 rpm, 4°C for 30 minutes (SLA-1500
rotor). The resulting supernatant was harvested and filtered through a 70 um strainer to remove cell
debris. To precipitate the DNA, 105 ml isopropanol (approximately 0.6-0.7 volumes) was added to the

DNA-containing supernatant, this was then mixed and left for 5-10 minutes at RT. Samples were then
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centrifuged at 6500 rpm (SLA-1500 rotor), for 25 minutes at RT. The resulting pellet was then washed
with 5 ml 70% ethanol and resuspended in 4 ml T1g Eys.

4.3g of CsCl was dissolved in 4 ml of the resulting DNA solution and 200 pl Ethidium Bromide
(EtBr) added. Samples were transferred by pouring through a syringe and 19G blunt needle into a
quick-seal polyallomer tube. The DNA solution was then centrifuged overnight in a Beckman NVT65.2
rotor at 60,000 rpm (Optima ultracentrifuge, Beckman Coulter), with maximum acceleration and no
brake at 20°C. The next day, a 19G needle was used to extract supercoiled DNA (the lower DNA band
as visualised on a blue light transilluminator) from the resulting gradient. Extracted DNA was made up
to volume of 5.2 ml with CsCl mix (36.9 g CsCl resuspended in 37.7 ml T10Es) and centrifuged as before.
The next day, approximately 500 pl of supercoiled DNA was recovered as before and divided between
two 2 ml Eppendorf tubes. To remove the EtBr, the tube was filled with 1ml TE-saturated butanol and
inverted vigorously. The sample was then centrifuged for 10 seconds in a microcentrifuge and the pink
layer removed. This was repeated until two extractions after the solution was appearing clear. The
DNA was then precipitated by addition of 0.5 volume of NH4Ac. The samples were then split into two
2 ml Eppendorf tubes each and then 2.5 volumes of 100% ethanol was added to both tubes. Samples
were then centrifuged at 15,871 xg for 10 minutes and the resulting pellets washed with 200 pul of 70%
ethanol before centrifugation at 15,871 xg for 3 minutes. The resulting pellets were then air dried and

then resuspended in 50 pl TE.

2.4.3. Restriction enzyme digest

Restriction digests were performed using enzymes from New England Biolabs (NEB), using
their suggested buffers, and according to the manufacturer’s protocols. Digests using 2 different
restriction enzymes used the most appropriate buffer. Digests were performed for 3 hours at 37°C,
with a 10-20 fold excess of restriction enzyme to aid complete digestion of DNA. Volumes used for

diagnostic digests and preparatory digests are shown in Table 2.4.
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Table 2.4. Composition of diagnostic and preparatory restriction enzyme digests

Digest Component Diagnostic digest Preparatory digest
DNA 1ul 3ul

10X enzyme buffer 1.5 ul 3ul

20X BSA 0.75 pl 1.5 ul

Restriction enzyme 0.1l 0.1ul

ddH,0 11.75 22.5

Total volume 15 pl 30 ul

2.4.4. Agarose gel electrophoresis

DNA fragments were separated by migration through gels made with 1% agarose dissolved in
1X TBE and containing 1X SYBRsafe (Thermo Scientific). Samples were mixed with 6X agarose gel
loading buffer before loading and a 1 Kb DNA ladder (NEB) was used to assess band sizes of samples.
Gels were run in 1X TBE at 80 V for 1-2 hours in Hoeffer HE33 apparatus. Gels were then visualised
with blue light conversion screen and the images captured on a Molecular Imager® Gel Doc™ XR
System (Bio-Rad).
2.4.5. Gel extraction of DNA fragments

Gels were visualised using a blue light transilluminator and the desired plasmid fragments
were excised from the gel using a scalpel. DNA was then purified using a QlAquick gel extraction kit
according to the manufacturer’s instructions (Qiagen).
2.4.6. DNA ligation

Ligation of two restriction digest purified DNA fragments was performed using approximately
1-5 ul of DNA, aiming for a 1:3 ratio of vector DNA to insert DNA. Ligation reactions were run with 0.5
ul T4 DNA Ligase as per the manufacturer’s instructions (NEB) at RT for at least 2 hours. The resulting

ligated DNA was then subject to further sub-cloning or transformed into competent bacteria.

2.4.7. Transformation of DNA into competent bacteria

For this 50 pl of competent DH5a bacterial cells (made competent for transformation in the

lab) was added to ligated DNA constructs (see Section 2.4.6) and placed on ice for 20 minutes. Samples
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were then heat shocked at 42°C in a water bath, for 45 seconds. Tubes were immediately returned to
ice, and then 900 pl LB was added to each sample. Samples were then incubated for 1 hour with
shaking at 30-37°C depending on the construct. The bacteria were then plated onto agar containing

the required antibiotics, and incubated o/n at 30-37°C (depending on construct).

2.4.8. Pulsed field gel electrophoresis (PFGE)

Pulse field gel electrophoresis (PFGE) was performed to separate larger DNA fragments and
was performed on a Bio-Rad CHEF DR Il system. Gels were made with 1% agarose dissolved in 0.5X
TBE and run for 14 hrs at 14°C, with running conditions of 6 V/cm, with a start switch time of 1s and
end switch time of 10s. To evaluate band sizes 15 ng of a 1:1 mixture of two size standards (A DNA-
BstEll Digest and A DNA-Mono Cut Mix; both NEB) was used. Gels were stained with 12 pl EtBr in 300
ml 0.5X TBE for 30-60 minutes before visualisation under UV illumination. Gel images were then
captured on a Molecular Imager® Gel Doc™ XR System (Bio-Rad).

2.4.9. Klenow-mediated blunt-ending of 5’ overhang

Following restriction digest, 33 uM dNTP and 1 unit of Klenow enzyme (DNA pol |) was added
to the DNA. This was incubated for 15 minutes at 25°C, then stopped by addition of EDTA to a final
concentration of 10 mM, and the solution incubated at 75°C for 20 minutes. The modified restriction
digest fragment was run on an agarose gel (Section 2.4.4), and then ligated (described in Section 2.4.6,

due to blunt-ending the reaction was incubated for 4 hours).

2.5. Generation of recombinant EBV virus

2.5.1. Production of competent bacteria

Bacteria cells were grown in 10 ml LB with required antibiotics o/n at 37°C with agitation. Then
1 ml of the resulting culture was added to 100 ml LB with required antibiotics and grown at 37°C with
agitation for 3 hours. Following incubation, bacterial cells were placed on ice for 30 minutes and
subsequent work was performed in a cold room to keep the bacteria cold. Bacteria was centrifuged

at 2844 xg for 15 minutes at 4°C and the resulting pellet resuspended in 20 ml CaCl; (100 mM) and left
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on ice for 30 minutes. Bacteria was then centrifuged for 15 minutes at 2844 xg at 4°C and resuspended
in 2 ml CaCl, (100mM) with 15% glycerol. Bacteria was then snap cooled on dry ice and 100 pl aliquots
stored at -80°¢. Competent bacteria were defrosted on ice immediately before transformation.
2.5.2. Homologous recombination of target constructs and EBV-BAC

Briefly, recombinant EBV-BACs were generated by RecA-mediated homologous
recombination of an established EBV-BAC (containing a positive selection cassette; chloramphenicol
[Cm] resistance) and a shuttle vector (pKovKanACm) containing a sequence of interest (eg a C-terminal
fusion of EBNA3A or EBNA3C to the modified oestrogen receptor ERT2) alongside a cassette for
positive selection (kanamycin [Kan] resistance) and negative selection (SACBII). RecA recombinase was
introduced by pDF25-Tet which also contains a tetracycline (Tet) resistance gene. The differing
antibiotic resistance across constructs allowed selection following incorporation and excision of DNA
fragments during the recombination process. Furthermore, both pDF25-Tet and pKovKanACm have
temperature-sensitive origins of replication therefore can propagate at 30-33°C but not 43°C. This
allows controlled transient expression of these plasmids due to loss of unintegrated pDF25-Tet and

pKovKanACm at higher temperatures.
2.5.2.1. Production of co-integrants by recombination between target constructs and

EBV-BAC

Target constructs (the region to be incorporated into the EBV-BAC flanked by regions of
homology) were cloned into the pKovKanACm shuttle vector. The resulting construct was confirmed
by restriction digest (see Section 2.4.3) and 1 pl of mini-prepped DNA was added to 100 pul of
competent bacteria carrying the desired BAC construct for recombination, alongside 5 ul of mini-
prepped DNA of the RecA recombinase expressing plasmid pDF25-Tet. Samples were then kept on ice
for 30 minutes then heat shocked at 42°C in a water bath for 1 minute and returned to ice. Then 1 ml
LB was added to the bacteria which was then incubated at 30°C for 1.5 hour with agitation. 100 pl of

the resulting culture was then plated onto agar containing Cm, Kan and Tet and incubated o/n at 30°C.
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Bacterial colonies were then picked and diluted in 1 ml LB, of which 200 pl was immediately plated on
Cm and Kan and grown o/n at 43°C to select for co-integrant BACs that had recombined with the target
construct carrying pKovKkanACm shuttle vector. DNA from resulting colonies was isolated by mini-prep
(see Sections 2.4.1) and analysed by restriction digest (Section 2.4.3) and PFGE (Section 2.4.8) to
confirm recombination between the BAC and the target construct carrying pKovKanACm shuttle
vector. There are 2 possible independent co-integrants from recombination of the BAC and target
constructs due to the two different recombination half sites between the parental BAC and the target

construct.

2.5.2.2. Production of competent bacteria containing BAC co-integrant

Bacterial colonies confirmed to carry intact BAC co-integrants were picked using a p200 tip
and grown o/n in 1 ml LB with required antibiotics at 37°C. The next day 100 pl of the resulting culture
was diluted into 10 ml LB and incubated at 43°C for 3 hours. Cells were then placed on ice for 30
minutes, and the subsequent steps were performed in a cold room to keep the bacteria cold. Bacteria
were then centrifuged at 2844 xg for 15 minutes at 4°C and then resuspended in 2 ml CaCl; (100 mM)
and left on ice for 30 minutes. Cells were then centrifuged for 15 minutes at 2844 xg at 4°Cand then

resuspended in 200 pl CaCl, (100mM) containing 15% glycerol and 50 pl aliquots were stored at -80°C.

2.5.2.3. Resolution of co-integrants of target constructs and EBV-BAC

50 ul of competent co-integrant-containing bacteria was defrosted on ice and 2 ul of the RecA
expressing pDF25-Tet was added. Samples were then kept on ice for 30 minutes then heat shocked at
42°Cin a water bath for 1 minute. Then 1 ml LB was added to the bacteria and the culture incubated
at 30°C for 1.5 hours with agitation. 100 pl of the resulting culture was then plated onto agar
containing Cm and Tet and incubated o/n at 30°C. Bacterial colonies were then individually picked and
diluted into 1 ml LB containing Cm and Tet as well as 5% sucrose and incubated at 30°C for 8 hours for
selection of colonies where recombination has resulted in removal of the pKovKanACm backbone.
Following incubation, 20 pl of this culture was then streaked using a serial dilution method onto a 14

cm diameter agar plate containing Cm with 5% sucrose and incubated o/n at 43°C. Replica plating of

112



colonies onto Cm only and Cm/Kan-containing agar plates was then performed to distinguish colonies
containing a resolved co-integrant BAC containing the insert carried by pKovKanACm from co-
integrants that survived sucrose selection due to SacB mutations. DNA from resulting resolved co-
integrant colonies was purified by mini-prep (see Sections 2.4.1) and analysed by restriction digest
(Section 2.4.4) and PFGE (2.4.8) to confirm co-integrant resolution. Resolved co-integrants can either
be the incorporation of the target construct into the EBV-BAC, or the homologous recombination

results in a reversion to the original BAC construct.
2.5.3. Generating HEK-293 cell clones transfected with EBV-BAC

2.5.3.1. Transfection of HEK-293 cell with EBV-BAC

Prior to transfection with recombinant EBV-BAC DNA, a T75cm? flask of confluent HEK-293
cells was seeded in a 6 well plate and incubated for 24 hours. For one well of cells, 1.5 ul Lipofectin®
Reagent (Invitrogen) and 80 ul of 1 ml/mg peptide 6 were mixed and incubated for 5 minutes at RT.
Meanwhile, maxi-prepped EBV-BAC DNA was added to 200 pl OptiMEM (Invitrogen) to a
concentration of 2 pg. This DNA solution was then added to the lipid/peptide mix and incubated for
20-40 minutes at RT, before addition of OptiMEM to a final volume of 1 ml. Culture medium was
removed from the cells and the transfection mix added. Cells were incubated with the transfection
mix for 6-10 hours at 37°C, before the transfection mix was removed and replaced with growth
medium.

24 hours later, medium was removed from the cells and they were washed gently with 1 ml
of warmed PBS. Cells were then trypsinised in 0.5 ml Trypsin-EDTA (Invitrogen) as described in Section
2.2.3. Cells were then detached by agitation and were resuspended in 48 ml of medium supplemented
with 150 ug/ml hygromycin for selection of successfully transfected cells. Suspended cells were then
seeded into four 10 cm dishes, each containing 12 ml of cell culture. Cells were incubated untouched
for 10 days before changing the media. After 2-3 weeks transfected cells had formed distinct colonies

suitable for isolation.
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2.5.3.2.  Isolation of 293 HEK clones transfected with EBV-BAC

Approximately 2-3 weeks after transfection of HEK-293 cells with EBV-BAC DNA (Section
2.5.3.1), cells formed small colonies within the dishes. Depending on their number and density,
approximately 20 colonies were picked for expansion and subsequent analysis. EBV-BAC constructs
contain green fluorescent protein, therefore fluorescent microscopy was used to identify bacterial
colonies containing EBV-BAC episomes and these were subsequently preferentially picked.

For colony picking, medium was removed and cells were washed once with 5 ml warmed RPMI
1640 medium (Gibco) without additives. The thin end of a yellow p200 tip was removed and discarded
leaving a ‘cloning ring’ from the thicker end of the tip. These were autoclaved before use and the
larger end dipped into autoclaved vacuum grease before being securely placed over a single colony.
Then 40 pl of warmed 0.05% Trypsin-EDTA (Invitrogen) was added to the cloning ring and incubated
for 3 min. Following incubation, 60 ul of growth medium was added to the cloning ring and cells were
detached by gentle pipetting. Clones were transferred to independent wells on a 6 well plate
containing 4 ml of warmed growth medium. Colonies were incubated to allow expansion, before
transfer into a T75cm? flask as required. Colonies were tested for ability to generate high viral titres
(see Section 2.6.3) and the integrity and identity of EBV-BAC DNA was confirmed by episome rescue
(see Section 2.5.3.3).
2.5.3.3.  Episome rescue by low molecular weight extraction of DNA from transfected cells

to validate EBV recombinant

Low molecular weight DNA extraction was performed to isolate EBV-BAC DNA episomes from
mammalian cells (LCLs and EBV recombinant virus producing HEK-293 cell lines). Cells were harvested
as described in Section 2.2.3. Cell pellets were resuspended in 60 pl STET. While vortex mixing, 130 pl
alkaline SDS was then added to samples, followed by addition of 110 pul ammonium acetate (7.5 M)
while vortexing. The resulting cell lysate was placed on ice for 10-20 minutes and then centrifuged for
30 minutes at 4°C at 15,781 xg. The resulting DNA-containing supernatant was recovered and placed

into a MaXtract high density tube (Qiagen) and 200 ul of TE-saturated phenol:chloroform:isoamyl
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alcohol (25:24:1) was added. Tubes were then vigorously inverted continuously for 1 minute to
homogenise the solution. Tubes were then centrifuged for 6 minutes at 9391 xg. The MaXtract high
density tube contains a gel that forms a barrier between an aqueous phase containing nucleic acid at
the top of the tube and the bottom of the tube containing the phenol:chlorophorm and contaminants.
Following centrifugation, 200 ul chlorophorm was added to the top layer and tube inversion and
centrifugation repeated. A following 200 pl chlorophorm was added to the top layer and tube
inversion and centrifugation repeated once more. The top layer (containing the DNA) was then
removed to a fresh microcentrifuge tube and the DNA precipitated as described in Section 2.4.1 and
resuspended in 50 pl TE containing 5 pug/ml RNAse A. Viral DNA was then electroporated into
competent bacteria (see Section 2.5.3.4). Bacteria was then grown and underwent mini-prep to isolate
DNA (see Section 2.4.1) and BAC structure was confirmed by restriction digest (see Section 2.4.4) and

PFGE (see Section 2.4.8).

2.5.3.4. Electroporation of DNA into bacterial cells

For this process 19 ul of electrocompetent ElectroMAX DH10B bacterial cells (Invitrogen) were
added to 1 ul DNA (typically purified by low molecular weight extraction, described in Section 2.5.3.3)
on ice. This was transferred to a chilled Gene Pulser Electroporation Cuvette (0.1 cm gap, Bio-Rad)
before electroporation using a Gene Pulser Electroporator (Bio-Rad) using these conditions:
Capacitance 25 pF, Resistance 200 Q and voltage 1800 V. Cells were then immediately flushed out of
the cuvette and into a 6 ml round bottomed tube with 400 pl SOC medium (Invitrogen) and placed in
an incubator with agitation for 1 hour at 37°C. The resulting bacterial suspension was then plated onto
selective agar plates (typically 14 cm places containing Cm) and incubated o/n at 37°C. EBV-BAC DNA
was then isolated by mini-prep (see Section 2.4.1) and BAC structure was confirmed by restriction

digest (see Section 2.4.4) and PFGE (see Section 2.4.8).
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2.6. Virus production and infection

Following confirmation of BAC integrity by PFGE, EBV recombinant virus producing HEK-293
cells (referred to as a 293-EBV producer cell lines) were transfected to facilitate production of

infectious virus particles.

2.6.1. Generating infectious virus from 293 HEK cells with EBV-BAC

Virus production was performing by transfection of expression plasmids for BZLF1 and BALF4
(provided by Dr Rob White) with GenelJuice reagent. Confluent 293-EBV producer cells in a T75 cm?
flask were trypsinised (see Section 2.2.3) and seeded into five 10cm dishes. Two days later, for each
plate 500 pl of Opti-MEM (Invitrogen) was incubated with 12 ul Geneluice for 5 minutes. Then 2ug of
each of pBZLF1 and pBALF4 was added to the solution and it was then incubated again for a minimum
of 10-30 minutes. During incubation, the media of the 293-EBV producer cells was exchanged for 10
ml of growth medium without hygromycin. The 516 pl transfection mixture was then added to each
plate and they were incubated for 3-5 days. The virus-containing supernatant from the same 293-EBV
producer line was removed from the 10 cm dishes and pooled. This was then filtered through a 0.5
um filter (Millipore) and stored at 4°C.
2.6.2. Concentrating virus

To increase viral titres for in vivo infection 0.1 mg/ml Bacitracin (Company) was added to virus-
containing supernatant before they were centrifuged at 30,000 xg for 2 hours. The supernatant was
removed and the virus particles were then resuspended overnight in 1 ml cold PBS and stored at 4°C.
2.6.3. Virus titration

The titre of virus-containing supernatant was determined by serial dilution of virus in Raji cell
cultures. In a well of a 24 well plate, 111.1 viral supernatant was added to 1 ml growth medium. This
was then serially diluted 10x, by serial transfer of 111.1 pl of this virus-containing medium into further
wells containing 1 ml growth medium. This led to wells containing 100, 10, 1 and 0.1 pl of virus

respectively. To these wells 0.5 ml of Raji cells at 1x10° was then added and the plates returned to the
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incubator. After 2 days, a final concentration of 20 nM TPA and 5 mM sodium butyrate was added to
each well of culture along with 0.5 ml growth medium and the cells were incubated for a further 24
hours to enhance the GFP expression in the infected cells. The viral titre was then determined using
fluorescence microscopy to count GFP-expressing cells per well to calculate the number of Raji green

cells infected per ul of virus, referred to as green Raji units (GRU).

2.6.4. Infection of primary B cells with recombinant EBV viruses

Approximately 24 hours after purification, 1.5 ml of CD19*¢ purified primary B cells at
2x10%/ml were seeded in 24 well plates. Then 500 pl of virus-containing supernatant with the lowest
titre was added to the cells a final volume of 2 ml culture. The volume of other virus-containing
supernatant used for that experiment were then normalised across the infection to GRU of the lowest
titre and made up to a final culture volume of 2 ml with growth medium.

When viral titres were less than 100 GRU, 3x108 primary B cells were centrifuged for 5 minutes
at 300 xg and resuspended in 2 ml of virus-containing supernatant and placed into a well of a 24 well
plate. As before, the volume of other virus-containing supernatant for that experiment were then
normalised across the infection to GRU of this titre.

For large scale analyses of primary B cell infections, cell numbers and virus amounts were
increased with ratios consistent with those mentioned. For example, 2 ml of viral supernatant would
be added to 6 ml of CD19* cells at 2x10%/ml in a T25 cm? flask.

Following infection, cells were cultured in an incubator at 37°C with 5% CO,. Approximately
25% of the culture was then harvested (see Section 2.2.3) every 3-7 days for analysis, and fresh
medium added to the previous volume. When cells reached high density (namely medium acidification
after 3 days), culture volume was increased with fresh medium and then maintained at 10 mlina T75

cm? flask and then expanded as required for use in experiments.
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2.7. Gene expression analysis

2.7.1. RNA and DNA analysis

2.7.1.1. RNA extraction

For RNA extraction, cells were harvested as described previously (Section 2.2.3) and
resuspended 350 upl RLT buffer (Qiagen) with additional B-mercapatolethanol as per the
manufacturer’s instructions. Cells were then either snap frozen on dry ice and stored at -80°C before
extraction, or RNA extracted immediately using the RNeasy Mini Kit (Qiagen) according to the
manufacturer’s protocol and including the optional genomic DNA digestion step using the RNase-free
DNase set (Qiagen). RNA was eluted in RNAse free water and all extracted RNA was quantified by
measuring absorbance at 260nm on a short path spectrophotometer (Denovix DS-11 FX+) prior to
reverse transcription (Section 2.7.1.3) and real time quantitative PCR (gqPCR) using SYBR-Green

(Section 2.7.1.4).

2.7.1.2. DNA extraction
DNA extraction from cell culture

5 x 108 cells were pelleted by centrifugation at 300 xg for 5 minutes. Cell pellets were then
resuspended in 200 ul PBS prior to DNA extraction.
DNA extraction from murine blood

Peripheral blood was collected from mice (as described in Section 2.10.3 and 2.10.4.1) and
approximately 50-100 pl diluted to 200 ul with PBS prior to DNA extraction.
DNA extraction from the spleen

DNA was extracted from splenic tissue and splenic lymphocytes. Spleens were mechanically
disrupted (see Section 2.10.4.2.2) to achieve a single cell suspension in 3 ml. Then 30 ul of this
suspension was added to lysis buffer ATL from the DNeasy Blood and Tissue Kit (Qiagen) according to

the manufacturers protocol for digestion of splenic tissue.
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Following these harvesting steps, DNA was extracted using a DNeasy Blood and Tissue Kit
(Qiagen) according to the manufacturers protocol. DNA was eluted in 30 pl of elution buffer AE and
concentration quantified by measuring absorbance at 260nm on a short path spectrophotometer

(Denovix DS-11 FX+).

2.7.1.3. Reverse-transcription

Reverse transcription was performed on 300 ng to 1 pg mRNA using a Superscript IIl First-
Strand Synthesis SuperMix (Invitrogen), according to the manufacturers protocol. cDNA was treated
with RNAse H and diluted to 5 ng/ul in RNAse free water, assuming complete conversion of RNA to
DNA, for normalisation purposes.
2.7.1.4. Real-time quantitative PCR (qPCR) using SYBR Green

To analyse RNA abundance, real-time quantitative PCR (qPCR) was performed on cDNA using
SYBR Green gPCR SuperMix-UDG Kit (Invitrogen). For this process, 10 ng of cDNA was used in a final
reaction mix of 10 pl containing 200 nmoles of primers (Primers detailed in Table 2.5). Reactions were
set up in MicroAmp® Optical 384-well reaction plates and qPCR was performed on a QuantStudio 7
Flex (Life Technologies). The qPCR cycling conditions were as follows: an initial denaturation step for
2 min at 95°C, followed by 40 PCR cycles with denaturation for 3 seconds at 95°Cand primer annealing
and elongation for 30 seconds at 60°C. Melt curve analysis was performed at the end of every qPCR
to assess specificity of PCR products. Every sample was assayed in triplicate and GNB2L1 was used as
an endogenous control for each sample. Relative gene expression was calculated using the
comparative Ct method (AACt, Schmittgen and Livak, 2008). Error bars in graphs represent standard
errors from the triple gPCR reactions for each sample, unless stated otherwise. Primer efficiency was

assessed by serial dilution of pooled cDNA samples.
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Table 2.5. qPCR primers using SYBR Green assay.

Target gene Primer sequence (5'-3') Reference
F: GTTGCAGTTAGCCAGGTTC (Skalska et al., 2010)
GNB2L1
R: GAGTGTGGCCTTCTCCTCTG
F: TCCACTGCAGCAGTACACTACCA (Skalska et al., 2010)
ALAS1 R: ACGGAAGCTGTGTGCCATCT
F: CGGAGTCAACCGTTTCGG
p15/NKab (Bazot et al., 2014)
R: GGTGAGAGTGGCAGGGTCT
ks F: CCCCTTGCCTGGAAAGATAC (Skalska et al., 2010)
p16™M"
R: AGCCCCTCCTCTTTCTTCCT
F: GGAGCCACACAAATCTTCAATAAACG
p18/Nkac (Styles et al., 2017)
R: GTCAGGAGAGCTACTCAGT
F: CTGGAGACTCTCAGGGTCGAA
p21WAFL (Skalska et al., 2010)
R: GCGGATTAGGGCTTCCTCTT
F: GGAGCAATGCGCAGGAATAA
p27"P1 (Lindberg et al., 2008)
R: TGGGGAACCGTCTGAAACAT
F: GGCGATCAAGAAGCTGTCC
p57tP2 (Bazot et al., 2015)
R: GACTTCTCAGGCGCTGATCT
F: TACATACCAAAGGGCACACG
BLIMP-1 (Desai et al., 2009)
R: TGAAGCTCCCCTCTGGAATA
F: GGCGGCGCCTCTACTACA
(Malumbres et al., 2011)
LMO2 R: CCAAAAAGCCTGAGATAGTCTCT
F: GCATACCCCACGGAGAACT
(Dontje et al., 2006)
SPIB R: GGCTGTCCAACGGTAAGTCT
F: CCTGGTTGCTGAAGAGGAGG
(Mimura et al., 2012)
XBP1 R: CCATGGGGAGATGTTCTGGAG
F: AAATTTAAGAGATCCTCGTGTAAAACATC
(Loebel et al., 2014)
BZLF1 R: CGCCTCCTGTTGAAGCAGAT

2.7.1.5. Real-time quantitative PCR (qPCR) using Tagman

For analysis of EBV viral load qPCR was performed on DNA using a Tagman® assay using

primers for the viral protein BALF5, with Beta-2-Microglobulin (2M) acting as an endogenous control.
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DNA was extracted (see Section 2.7.1.2.) and levels normalised in nuclease free water depending on
the lowest concentration of the samples. 4 ul of DNA assayed with 5 pl of Takyon™ Low ROX Probe
2X MasterMix dTTP blue (Eurogentec) and made up to a final reaction volume of 10 ul with primers
diluted in nuclease-free water (primer concentrations detailed in Table 2.6). Assays were performed
in MicroAmp® Optical 384-well reaction plates on a Quantstudio 7 Flex (Life Technologies) using Fast
Mode. The cycling conditions were as follows: one activation step at 95°C for 3 min, followed by 40
cycles with denaturation at 95°C for 3 seconds, followed by primer annealing and extension at 60°C
for 30 seconds. Every sample was assayed in triplicate. The cell line Namalwa, which has been

established to contain 2 EBV genomes per cell, was used to establish EBV DNA copy number standards.

Table 2.6. RT-qPCR primers using Tagman assay.

Target Final
gene Primer sequence (5'-3') Concentration
F: CTTTGGCGCGGATCCTC 200 nM
BALF5 | R: AGTCCTTCTTGGCTAGTCTGTTGAC 200 nM
PROBE: FAM-CATCAAGAAGCTGCTGGCGGCC-TAMRA 200 nM
F: GGAATTGATTTGGGAGAGCATC 60 nM
R: CAGGTCCTGGCTCTACAATTTACTAA 80 nM
2M PROBE: VIC-AGTGTGACTGGGCAGATCATCCACCTTC-TAMRA 100 nM

2.7.2. Protein analysis

2.7.2.1.  Protein extraction

Protein was extracted from cell pellets (see Section 2.2.3) and lysed in an approximately
equivalent volume of 1x RIPA lysis buffer supplemented with 1mM PMSF and complete protease
inhibitor cocktail (Roche). Lysates were left on ice for 30 minutes and then centrifuged at 9391 xg for
10 minutes at 4°C and the supernatant removed to a fresh tube. The concentration of the protein was

determined using a detergent compatible (DC) protein assay (Bio-Rad), and measured at 750 nm on a
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Helios spectrophotometer (Thermo Scientific) using bovine serum albumin to generate a standard

curve from which protein concentrations were deduced.

2.7.2.2. SDS-PAGE and western blotting

The concentration of quantified protein samples were normalised in sterile water, usually to
20-30 ug depending on concentration of the samples. Following normalisation, samples were mixed
with with SDS-PAGE sample loading buffer (5x final concentration) and heated at 100°C for 5 minutes
to denature proteins. SDS-PAGE gels were made with an appropriate concentration of polyacrylamide
required to identify the molecular weight of the relevant protein of interest as described in Table 2.7.
Gels were placed in a Mini-PROTEAN® Il Electrophoresis cell (Bio-Rad) containing 1x SDS-PAGE
running buffer and samples were loaded. A Spectra Multicolour Broad Range Protein Ladder (Thermo
Scientific) was used on each gel as a reference of the molecular weight of protein samples. Gels were
then run for approximately 1.5 hours at 150 volts.

After SDS-PAGE, samples were transferred onto a nitrocellulose membrane (GE Healthcare)
for 70 minutes at 100V using a Mini Trans-Blot® Electrophoretic Transfer Cell (Bio-Rad) filled with
western transfer buffer. Following transfer, membranes were blocked with blocking solution (5% milk
powder in PBS-Tween) for 1 hour at room temperature with rocking. Primary antibodies were diluted
in PBS-Tween with 5% milk powder as detailed in Table 2.8 and incubated with membranes over night
at 4°C with rocking. In most cases membranes were cut to allow analysis of multiple proteins with
different molecular weights. Following primary antibody incubation, the next day membranes were
washed four times for 10 minutes in PBS-Tween and then incubated at room temperature for 1 hour
with the appropriate horseradish peroxidase (HRP)-conjugated secondary antibody (see Table 2.9).
Membranes were washed in PBS-Tween as before and incubated for 2 minutes with enhanced
chemical luminescence (ECL™, Amersham; GE Healthcare). Luminescence on the membranes was
detected by exposure on Amersham Hyperfilm™ (GE Healthcare) autoradiography films, which were

subsequently developed on an automatic X-ray film processor JP-33 (JPI).

122



Table 2.7. SDS-PAGE resolving and stacking gel composition. 30% Acrylamide/Bis solution obtained
from Bio-Rad; TEMED obtained from BDH Chemicals (VWR). 10 ml of resolving gel is suitable for one
gel of 1.5 mm thickness.

Resolving Gel (10 ml) Stacking Gel (5 ml)
Component 7.50% 10% 12% 15% Component
1.5 M Tris, pH 8.8 2.5ml 25ml [ 25ml | 2.5ml | 1 M Tris, pH 6.8 630 ul
30% Acrylamide/Bis 30% Acrylamid/Bis
solution 37.5:1 25ml | 33ml|4ml 5 ml solution 37.5:1 830 ul
ddH20 4.7 ml 4 ml 33ml | 2.3ml | ddH20 3.4 ml
10% SDS 100wl | 100 pl [ 100wl | 100 ul | 10% SDS 50 pl
10% APS 100l | 100 pl [ 100 pl | 100 pl | 10% APS 50 pl
TEMED 6 pl 4ul | 4pl 4 pl TEMED 5 pl

Table 2.8. Primary antibodies used for western blotting.

Antibody Description Working dilution | Source
anti-EBNA3A Sheep polyclonal 1:1000 Abcam, ab16126

6C9, Rat monoclonal TC

(White et al., 2010)

anti-EBNA3B supernatant 1:10

A.10 hybridoma, mouse

monoclonal, TC Hybridoma from Prof. Martin
anti-EBNA3C supernatant 1:10 Rowe (Maunders et al., 1994)
anti-EBNA1 Human serum 1:100 Gift from Prof. Paul Farrel
anti-EBNA2 PE2, mouse monoclonal 1:500 Abcam, ab90543
anti-EBNA-LP JF-186, mouse monoclonal | 1:100 (Finke et al., 1987)
anti-LMP1 CS1-4, mouse monoclonal 1:1000 DAKO, CS1-4
anti-y-tubulin Mouse monoclonal 1:10,000 Sigma-Aldrich, T6557
anti-p15'Nk4® Rabbit polyclonal 1:1000 Abcam, 53034
anti-p16'Nk4a Mouse monoclonal 1:10 JC8, Gift From Dr G. Peters
anti-p18'Nkic Mouse monoclonal 1:1000 Cell Signalling, DCS118,
anti-p21WAFYCPL | Rabbit monoclonal 1:1000 Cell Signalling, 29475
anti-p27¢P! Mouse monoclonal 1:1000 BD Transductions, 610242
anti-p5747 Rabbit monoclonal 1:500 Abcam, ab133531
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anti-BLIMP-1 Rabbit monoclonal 1:1000 Cell Signalling, C14A4
anti-IRF4 M-17, Goat polyclonal 1:4000 Santa Cruz, sc-6059
anti-BZLF1 Mouse monoclonal 1:500 Gift from Prof. Paul Farrel
anti-BALF2 OT13N, Mouse monoclonal | 1:1000 Gift from Jaap Middledorp
anti-p18VCA Rabbit serum 1:100 Gift from Jaap Middledorp
anti-gp220/350 | OT6, Mouse monclonal 1:1000 Gift from Jaap Middledorp

Table 2.9. Secondary antibodies used for western blotting.

Working
Antibody Description dilution Application | Source
GE

anti-mouse (HRP conjugated) | Sheep polyclonal WB Healthcare
anti-rabbit (HRP conjugated) | Polyclonal goat WB DAKO
anti-human (HRP conjugated) | Polyclonal rabbit 1:2000 WB DAKO
anti-sheep (HRP conjugated) | Polyclonal rabbit WB DAKO
anti-rat (HRP conjugated) Polyclonal rabbit WB DAKO
anti-goat (HRP conjugated) Polyclonal rabbit WB DAKO

2.8.

Flow cytometric analysis

Flow cytometry was performed on either a Fortessa B (Beckon Dickinson) or LSRII (BD) flow

cytometer. Where appropriate, compensation beads were used to ensure compensation between

different fluorescent channels. One drop of both negative and positive compensation beads was

combined independently with 1 pl of the antibodies of interest to create single stains. These were

incubated for 30 minutes at RT and washed twice in PBS as per cellular samples and used to create a

compensation control for each multiple-antibody experiment. All new antibodies were titrated for

optimisation within multi-antibody flow cytometric panels and antibodies were purchased from BD

Biosciences unless noted otherwise. Analysis was performed using FlowJo software, and gating was

used to ensure only live, single cells were analysed. Antibodies used in this study are detailed in Table

2.10.
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Table 2.10. Antibodies used for flow cytometric analysis. Working dilutions regarding different flow

cytometry assays are described in the text.

Antibody Flurochrome Source
anti-human CD3 PE-Cy7 BD Biosciences
anti-human CD4 PerCP-Cy5.5 BD Biosciences

anti-human CD8

Alexa Fluor 700

BD Biosciences

anti-human CD19

PE

BD Biosciences

anti-human CD20

RPE

DAKO

anti-human CD20

Alexa Fluor 700

BD Biosciences

anti-human CD27 BV650 BD Biosciences
anti-human CD38 PE-Cy7 BD Biosciences
anti-human CD45 BV510 BD Biosciences
anti-mouse CD45 Bv421 BD Biosciences

anti-human CD138 APC BD Biosciences

anti-human IgG PE BD Biosciences

anti-human IgM BV605 BD Biosciences

anti-human IgD PerCP-Cy5.5 BD Biosciences
2.8.1. Analysis of proliferation and cell cycle distribution

For the analysis of cells during primary B cell infection with EBV, approximately 500 ul of cell
culture was transferred to a fresh 24 well plate and 500 pl growth medium added. 24 hours later an
additional 500 pl growth medium was added alongside EdU to a final concentration of 5 uM. These
cells were then returned to an incubator and allowed to grow for 2 hours before the culture was
harvested. For analysis of established cell lines, cells were seeded at 3x10°/ml in 4 ml. After 20 hours
1 ml of medium containing EdU for a final concentration of 10 UM was added. Cells were then returned
to an incubator and allowed to grow for 2 hours before the culture was harvested.

Following EdU incubation, cells were washed in 1-5 ml of cold PBS and resuspended in 1 ml
cold PBS containing 0.5 pl Violet Fixable Dead Cell Stain (Life Technologies) and incubated for 30
minutes on ice. Cells were then washed once in 1 ml PBS, then again in 1 ml PBS/BSA before being

resuspended in 100 pl PBS/BSA. Cells were then fixed by addition of 400 ul 100% ethanol at -20°C
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while vortex mixing. Cells were then incubated on ice for 1 hour before being centrifuged at 376 xg
for 5 minutes. The supernatant was then removed and cells were rehydrated in 500 pl PBS/BSA for 15
minutes. The cells were then centrifuged for 5 minutes at 1500 xg and resuspended in 100 pl PBS/BSA.
EdU was then labelled using Click chemistry. Cells were incubated with a 500 ul of reaction mix
containing 438 pl PBS/BSA, 10 pl CuSO,, 2.5 pl Alexa488 Azide and 50 pl 1x additive G, for 30 minutes
at RT. Following incubation, 800 ul PBS/BSA was added to cells before pelleting at 1500 xg for 5
minutes. Cells were then resuspended in 500 pl PBS/BSA containing 10 ug/ml RNAse and 1 pl/ml

FxCycle Far Red and incubated for 30 minutes at RT. Cells were then analysed by flow cytometry.

2.8.2. Lymphocyte surface marker analysis

2.8.2.1. Assessing purity of CD19* purified B cells

To analyse purity of isolated CD19* cells, 5x10° purified CD19*"¢ B cells, and 5x10° cells from a
sample of the PBLs from which they were isolated, was added to 1 ml PBS/BSA. Cells were then
centrifuged at 350 xg for 5 minutes and the supernatant removed. Cells were resuspended in 50ul
PBS/BSA with 1ul of human I1gG and incubated for 15 minutes at RT. Then 1ml PBS/BSA was added
straight to the antibody mixture and the cells were centrifuged at 350 xg for 5 minutes. Cells were
then resuspended in 100ul PBS/BSA with 1 pl of CD20-RPE antibody and incubated for 30 minutes at
4°C. Cells were then washed twice in 1 ml PBS, then resuspended in 400 pl PBS containing 4 ul DRAQ7

Live/Dead stain (BioStatus) and assessed by flow cytometry.

2.8.2.2. Quantification of humanised mouse engraftment and lymphocyte composition

2.8.2.2.1. Basic analysis of human CD45 and CD19 cell engraftment in humanised mice

Peripheral blood was collected from mice as described in Sections 2.10.3 and 2.10.4.1.
Approximately 50 or 100 pl blood was resuspended in red blood cell (RBC) lysis buffer (Biolegend) to
3 ml or 6 ml respectively. The solution was then gently vortexed to mix and incubated for 10-15
minutes at RT. The cells were then centrifuged for 5 min at 350 g and then washed in 1 ml cold PBS,

followed by washing in 1 ml cold PBS/BSA. Cells were then centrifugated as before and resuspended

126



in 50 ul PBS/BSA containing 1 ul hum-CD45-BV510 antibody, 1 ul mouse-CD45-BV421 antibody and 1
pl hum-CD19-PE antibody and incubated for 30 minutes at 4°C. Following incubation, cells were
washed twice more in 1 ml PBS. The cells were then resuspended in 400 pl PBS containing 4 pl DRAQ7
Live/Dead stain (BioStatus) and assessed by flow cytometry. Engraftment of a human immune system
components in humanised mice was calculated as the %hCD45" cells / (%mCD45* cells + % hCD45*

cells).

2.8.2.2.2. Analysis of human B and T lymphocyte engraftment in humanised mice
Peripheral blood was collected from humanised mice as described in Sections 2.10.3 and
2.10.4.1. Approximately 50 or 100 pl blood was resuspended in red blood cell (RBC) lysis buffer
(Biolegend) to 3 ml or 6 ml respectively. The solution was then gently vortexed to mix and incubated
for 10-15 minutes. The cells were then centrifuged for 5 min at 350 g and washed in 1 ml cold PBS,
cells were centrifuged as before and then resuspended in 1ml PBS containing 0.5 pl Fixable Viability
Stain 780 (BD Biosciences) and incubated for 15 minutes at RT. Following incubation, cells were
pelleted and washed in 1 ml PBS/BSA. Cells were then centrifuged again as before and resuspended
in an antibody mastermix containing 1 pl hum-CD45-BV510 antibody, 1 pl mouse-CD45-BV421
antibody, 1 pl hum-CD19-PE, 1 pl hum-CD3 antibody, 1 pl hum-CD4-PerCP-Cy5.5 antibody and 2 pl
hum-CD8-AF700 antibody in 100 ul 1% PBS/BSA and incubated for 30 minutes at 4°C. Following
incubation, cells were washed twice in 1 ml PBS. Cells were then resuspended in 400 pl PBS and
assessed by flow cytometry. Engraftment of a human immune system components in humanised mice

was calculated as the %hCD45" cells / (%mCD45* cells + % hCD45* cells).

2.8.2.2.3. Analysis of B lymphocyte composition

Approximately 10° cells were pelleted by centrifugation at 350 xg for 5 minutes and washed
in 1 ml PBS. Cells were centrifuged again and then resuspended in 1ml PBS containing 0.5 pl Fixable
Viability Stain 780 (BD Biosciences) and incubated for 15 minutes at RT. Following incubation, cells

were centrifuged as before and washed in 1 ml PBS/BSA. Cell were then centrifuged as before and
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then resuspended in a 100 pl PBS/BSA antibody mastermix containing 10 ul CD19-PE antibody, 2.5 pl
CD20-AF700 antibody, 2.5 pl CD38-PE-Cy7 antibody, 5 ul CD138-APC antibody, 2.5 pul CD27-BV605 and
5 pl IgD-PerCP-Cy5.5. If cells were derived from humanised mice then the antibody mastermix was
also supplemented with 1 pul hum-CD45-BV510 antibody and 1 ul mouse-CD45-BV421 antibody. Cells
were incubated with the antibodies for 30 minutes at 4°C. Following incubation, cells were washed

twice in 1 ml PBS and then resuspended in 500 pl PBS and analysed by flow cytometry.

2.8.3. Staining of intracellular and extracellular immunoglobulin

A Cytofix/Cytoperm kit (BD Biosciences) was used for intracellular staining of
immunoglobulins (Ig) as per the manufacturer’s instructions. Cultured cells were centrifuged at 350
xg for 5 minutes and then washed twice in 1 ml PBS. Following the washes, cells were resuspended in
1ml PBS containing 0.5 pul Fixable Viability Stain 780 and incubated for 15 minutes at RT. Cells were
then washed in 1.5 ml PBS/BSA and then resuspended in antibody mastermix of surface marker
antibodies containing 5 pul CD138-APC, 2.5 ul CD38-PE-Cy7 and 5 ul CD20-AF700 made up to 100 ul
with PBS/BSA, and incubated for 30 minutes at 4°C. Following incubation, cells were washed twice in
1 ml PBS/BSA and resuspended in 250 ul of Fixation/Permeabilization buffer and incubated for 20
minutes at 4°C. Cells were then washed twice in 1 ml Permeabilization/Wash buffer and then
resuspended in an antibody mastermix containing 5 pl IgM-BV605 and 20 ul IgG-PE, made up to 100
ul with PBS/BSA, and incubated for 30 minutes at 4°C. Following incubation, cells were washed twice

in 1 ml Permeabilization/Wash buffer and then resuspended in 500 pl PBS for flow cytometric analysis.

2.9. Generation of mice with human immune system components

2.9.1. Mice

All mice used in this study were of the NOD/Rag”/IL2-yR™" (NRG background) and were
obtained from Jackson Laboratories. Mice were raised under specific pathogen free conditions. All
animal protocols were conducted according to the UK Animals (Scientific Procedures) Act 1986.

Animal protocols were performed by Christine Theresa Styles under the personal license I10FA9E48
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according to the project license authority of Imperial College London. Work was performed under the
project license PPL: 708219 (Development of humanised mice for HIV), held by Dr Marcus Dorner.
2.9.2. Sub-lethal irradiation and injection of CD34* hematopoietic stem cells of
newborn mice for establishment of human immune system components

Pups between 0-4 days old were sub-lethally irradiated with 100 cGy. Mice were then left for
3-6 hours before intrahepatic injection of CD34* cells (on the same day). CD34* cells were removed
from liquid nitrogen and thawed (see Section 2.2.2). Once thawed, cells were centrifuged at 300 xg
for 3 minutes and then washed in 10 ml regular growth medium. Cells were centrifuged again and
resuspended in the appropriate volume of regular growth medium such that there was 50 ul per
mouse within the litter to be humanised, with approximately 100 ul excess to account for loss in
syringes. Cell numbers were such that each mouse received approximately 10°-10° cells respectively.
Mice were appropriately restrained and 50 pl of cells was injected into the liver of each mouse using
a 0.3 ml microfine U-100 insulin needle (BD Biosciences). Engraftment of human immune system

components was assessed at approximately 3 months of age, as detailed in section 2.8.2.2.

2.10. Protocols for analysis of humanised mice

2.10.1. Infection of humanised mice with recombinant EBV viruses

Mice were infected by intra-peritoneal injection with 1x10° GRU recombinant EBV virus
resuspended in 100-200 ul PBS (depending on viral titre), using a 0.3 ml microfine U-100 insulin needle
(BD Biosciences). Mock infected mice were administered with 100 pl PBS via intra-peritoneal injection.
Mice were distributed as evenly as possible across different EBV recombinant infections with regards
to sex, age, CD34" cell donor, level of engraftment and percentage of CD19* cells. Mice were weighed
and health and wellbeing was assessed a minimum of twice a week to ensure project license end
points were adhered to. E45 cream was applied using a cotton bud to mice exhibiting fur loss and dry

skin as required.
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2.10.2. Use of tamoxifen impregnated food

Where noted, mice were fed tamoxifen-impregnated food (Envigo). Regular food and
tamoxifen-impregnated food were mixed with water to obtain a wet food mix, these were mixed 1:1
and given to mice. Since mice had an aversion to the tamoxifen-impregnated food, regular food was
administered on weekends and when mouse weight dropped by 10-15% to avoid breaching weight

loss end points as per the animal license.

2.10.3. Venesection (blood sampling)

Blood sampling was performed by venesection. EMLA cream was applied directly to mouse
tails and left to become numb for at least 15 minutes. Mice were appropriately restrained and a scalpel
used to lightly nick a tail vein. Then 50 pl of blood was collected using a minivette POCT capillary tube
(Sarstedt), and pressure applied immediately afterwards to cease bleeding. Blood was immediately
transferred into a 1.5 ml eppendorf tubes pre-coated with EDTA to prevent blood clotting. DNA
extraction or flow cytometic analysis was subsequently performed as required (see Section 2.7.1.2

and 2.8.2).

2.10.4. Terminal analysis of humanised mice

2.10.4.1. Cardiac puncture for analysis of peripheral blood

Mice were anaesthetised using isoflurane in combination with oxygen. Following confirmation
of anaesthetisation by assessment of pedal reflexes, a 26-gauge needle was used to perform a cardiac
puncture enabling harvest of up to 1 ml of blood. Mice were humanely culled by cervical dislocation
before regaining consciousness. Blood was immediately transferred into a 1.5 ml Eppendorf tube pre-
coated with EDTA to prevent blood clotting. DNA extraction (Sections 2.7.1.2), flow cytometic analysis
(Section 2.8.2) or lymphocyte isolation was subsequently performed on harvested blood as required

(Section 2.3.1).
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2.10.4.2. Terminal analysis of spleens from humanised mice
Spleens were removed from mice post mortem and assessed visually for tumour development

and weighed to assess splenomegaly. They were then placed on ice in 1 ml PBS for same day analysis.

2.10.4.2.1. Immunohistochemistry

2.10.4.2.1.1. Spleen fixation

Following post mortem extraction of spleens and initial assessment, spleens were cut in half
using a scalpel and a section immediately placed into formalin and fixed for 24 hours (the other section
was used within alternative protocols). Spleens were then placed into 70% EtOH until being embedded
in paraffin wax. 5 UM sections were then mounted onto slides.
2.10.4.2.1.2. Dewaxing and antigen retrieval

Slide mounted sections were dewaxed using a Leica immunohistochemistry machine,
employing use of 100% Aquaclear for 15 minutes, 90% Aquaclear for 15 minutes, followed by 30
seconds in 100% EtOH then 30 seconds in 90% EtOH. Following dewaxing, slides were immediately
placed into 100% methanol containing hydrogen peroxide at a ratio of 100:1 for 10 minutes at room
temperature, to block endogenous peroxide activity. Slides were then removed to tap water for 10
minutes. Antigen retrieval was performed by heat treatment using a microwave to boil slides in 1 M

Tri-sodium citrate buffer at pH 6 for 10-20 minutes, before cooling in tap water for 10 minutes.

2.10.4.2.1.3. Primary antibody staining

Antibodies and concentrations can be seen in Table 2.11. All primary antibodies were
appropriately titrated considering their respective antibody isotype.
Mouse primary antibodies

The Mouse-On-Mouse kit (MOM kit, Vector Labs) was used for all mouse derived antibodies,
essentially as per the manufacturer’s instructions. First, to block endogenous biotin, biotin receptors
and avidin binding sites, an avidin-biotin blocking kit (Vector labs) was used as per the manufacturer’s

instructions. Sections were then washed for 2 minutes in PBS 3 times, before for blocking with mouse
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Ig blocking reagent for 1 hour at room temperature. Following a 5 minute incubation with the MOM
kit protein dilutent, sections were incubated with approximately 150 pl of appropriately diluted
primary antibody overnight at 4°C.
Non-mouse primary antibodies

Sections were blocked with 5% goat serum in PBS for 1 hour at room temperature, then
washed for 2 minutes in PBS, 3 times. Avidin-biotin blocking was then performed as above, before

overnight incubation at 4°C with primary antibody appropriately diluted in PBS with 5% goat serum.

Table 2.11. Antibodies used for immunohistochemistry.

Working
Antibody Description dilution | Source
anti-EBNA2 Mouse monoclonal 1:8000 Abcam, ab90543
anti-CD20 Mouse monoclonal 1:100 Abcam, ab9475
anti-Ki67 Rabbit monoclonal 1:160 ThermoFisher, SP6

Component of 'Mouse On | 1:500

anti-mouse (Biotin conjugated) | Mouse' (MOM) kit Vector Labs
anti-rabbit (Biotin conjugated) | Polyclonal goat 1:500 Stratech
2.10.4.2.1.4. Visualisation

The following day, slides were washed for 5 minutes PBS-Triton (0.1% v/v), 3 times. Sections
were then incubated with their respective secondary biotinylated antibody. Antibodies and
concentrations can be found in Table 2.11. Following secondary antibody incubation slides were
washes in PBS-Triton as before, and an Avidin-Biotin Complex kit (Vector Labs) was used as per the
manufacturer’s instructions. Immobilized antibodies were detected using a Diaminobenzidine (DAB)-
HRP kit (Vector Labs) and sections counterstained in hematoxylin. A cover slip was applied to each

slide and samples were visualised using a light microscope.

132




2.10.4.2.2.  Mechanical disruption of splenic tissue for single cell suspension

Following post-mortem extraction of the spleen from mice, the splenic tissue was
mechanically disrupted to obtain a single cell suspension. Spleens were disrupted by gently pushing
the tissue through a 70 uM cell strainer using the plunger of a sterile 5 ml syringe. Strainers were
rinsed twice with 1 ml of PBS to release cells and resuspend them in a total of 3 ml PBS. Cells were
then homogenised with a 5 ml pipette. DNA was then extracted for analysis of splenic viral load (see

Section 2.7.1.2).

2.10.4.2.3.  Isolation of splenic lymphocytes

A single cell suspension of splenic cells within 3 ml PBS (obtained as described in Section
2.10.4.3.1) was layered over 3 ml of Ficoll-Paque (GE Healthcare) in a 15 ml falcon tube. Tubes were
then centrifgued for 30 minutes at 339 xg, with both break and acceleration off. The lymphocyte
fraction, identified as the white/grey interface in the centre of the tube, was removed using a 1 ml
Gilson pipette into 10 ml wash buffer (RPMI, 1% FCS). Cells were pelleted by centrifugation at 339 xg
for 5 minutes with the break off and then resuspended in 10 ml wash buffer. The cells were then
centrifugated as before and resuspended in 2 ml growth medium with 15% FCS and counted (see
Section 2.2.3).

Cells then underwent flow cytometic analysis (Section 2.8.2) or were assessed for the

outgrowth of humanised mouse-derived LCL (mLCL, see Section 2.10.4.2.4).

2.10.4.2.4. Outgrowth of EBV infected humanised mouse spleen derived LCL (mLCL)
Splenic lymphocyte cells were isolated as described in Section 2.10.4.2.3 and 107 cells were
seeded in 3 ml growth medium containing 15% FCS and 500 ng/ml cyclosporine A. Cultures were
visually inspected for LCL clumping by light microscopy. When cells reached high density (namely
medium acidification and cell abundance), culture volume was increased with fresh medium. Cell lines
were maintained at 10 ml in a T75 cm? flask and then expanded as required for use in experiments.
Outgrowth of mouse derived LCL (mLCL) was quantified as expansion of an individual cell cultures to

10 ml of continuously proliferating culture.
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2.11. Statistical analysis

Statistical analysis was performed using Prism Software (Graphpad). Unpaired two-tailed
students t-test with Welch'’s correction or Fishers exact test were used, as appropriate. A p value of

<0.05 was considered statistically significant, a p value of <0.01 was considered very significant.
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3. Chapter llI: Identifying the independent and combined

functions of EBNA3A and EBNA3C

3.1. Introduction

The EBV oncogenes EBNA3A and EBNA3C support EBV persistence and latency by
differentially regulating various host genes. Microarray and ChIP analyses have shown that EBNA3A
and EBNA3C co-operatively regulate many target genes and co-localise extensively across the genome,
indicating shared functions (Paschos et al., 2017; White et al., 2010). For example, both EBNA3A and
EBNA3C have been shown to target various cell cycle regulatory factors, including CDKI, resulting in
cell cycle deregulation (see Chapter |, Section 1.3). The origin of EBNA3A and EBNA3C from a single
ancestral gene, still found in a New World lymphocryptovirus of Marmosets (Rivailler et al., 2002), and
their shared structure and sequence homology (Le Roux et al., 1994; Yenamandra et al., 2009) further
suggests duplicated functions. However, despite sharing a number of target genes (White et al., 2010),
and therefore complementary activity, both EBNA3A and EBNA3C are required for efficient B cell
transformation and subsequent viral persistence (Tomkinson et al., 1993). The conserved nature of
these oncogenes during EBV evolution further suggests they perform non-redundant functions.
Furthermore, host genes independently regulated by either EBNA3A (Bazot et al., 2018) or EBNA3C
(Kalchschmidt et al., 2016a) have been identified. There remains much to be established regarding the
complexities of the shared and independent functions of EBNA3A and EBNA3C, and their combined
requirement during EBV infection.

The cloning of the B95.8 EBV strain into an F factor derived plasmid (Delecluse et al., 1998)
has allowed our lab and others to introduce deletions and fusion tags into the EBV genome [(reviewed
in (Feederle et al., 2010), see (Styles et al., 2018) for recent review of studies using recombinant EBV
viruses constructed in the Allday laboratory]. This EBV-BAC system allows propagation and

manipulation of the EBV genome within bacteria. Purification of EBV-BAC produces large amounts of
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DNA that can be transfected into mammalian cells, allowing production of infectious virus. Recently,
recombinant BAC-derived EBV viruses with genetic modifications within the EBNA3 proteins have
allowed detailed genetic analysis of the roles of EBNA3A and EBNA3C within B cell transformation and
viral latency (see Chapter I, Section 1.4).

To further characterise the independent and combined activity of the EBNA3A and EBNA3C
oncoproteins, RecA-mediated recombineering of the EBV-BAC was used to generate a conditional
recombinant virus where both EBNA3A and EBNA3C can be simultaneously regulated. Recombinant
viruses with conditional expression of either EBNA3A and EBNA3C independently have been
generated by our lab as well as others (Bazot et al., 2015; Maruo et al., 2003; Skalska et al., 2010), and
infecting cells with these recombinant viruses has illuminated many aspects of EBNA3A and EBNA3C
gene regulation [reviewed in (Allday et al., 2015; Styles et al., 2018)]. To generate a double conditional
virus, a HT-sensitive ERT2 domain was introduced to the C-terminal of both EBNA3A and EBNA3C using
a RecA-mediated homologous recombination system adapted by White et al (White et al., 2003). The
use of ERT2 fused to both EBNA3A and EBNA3C makes functional expression of both EBNA3A and
EBNA3C simultaneously dependent on the activating ligand HT. In the absence of HT, the fusion
protein is targeted for degradation and the conditional protein is non-functional. The addition of HT
to cells infected with conditional recombinant viruses stabilises the fusion protein, this allows nuclear
translocation and functional expression.

Both EBNA3A and EBNA3C are required for efficient B cell immortalisation (Tomkinson et al.,
1993). EBNA3C is essential for transformation (Skalska et al., 2013), and EBNA3A-null cells exhibit
reduced proliferative capacity (Bazot et al., 2015; Hertle et al., 2009). Therefore, using the double
conditional recombinant EBV virus, | wanted to address whether cells with simultaneously non-
functional EBNA3A and EBNA3C would exhibit a more extreme phenotype (with further reduced
proliferative capacity and elevated cell cycle arrest) compared to cells where EBNA3A or EBNA3C was

independently expressed.
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Furthermore, EBNA3A and EBNA3C have been associated with deregulation of various cell
cycle associated factors, including the CDKI p15™N¥4° p16'NK4a p21WAFL/CIPL 5 7KIPL and p57X'P? (see
Chapter |, Section 1.3.1). Therefore, regulation of these CDKI, as well as the p16'N42/p15Nk4b re|ated
CDKI p18'Nkc was assessed in cells with conditional expression of both EBNA3A and EBNA3C.
Alongside the hypothesis that inactivation of both EBNA3A and EBNA3C may result in a more extreme
phenotype, it was thought regulation failure may be more profound when both EBNA3A and EBNA3C

are simultaneously non-functional as they share various target genes.

3.2. Results

3.2.1. Construction and validation of the EBNA3A-ERT2/EBNA3C-ERT2
(3A3CERT2) double conditional virus

3.2.1.1. Construction of the EBNA3A-ERT2/EBNA3B/EBNA3C-ERT2 double conditional
recombinant plasmid

Prior to the start of this project, Dr Jade Yee had generated the recombinant EBV-BAC virus
E3KO, in which the entire EBNA3 locus had been removed, as well as a revertant EBV-BAC where the
EBNA3 locus was re-introduced [(White et al., 2010), Dr J Yee, PhD Thesis]. As a cloning intermediate
for producing the revertant of E3KO (E3REV), she generated a plasmid containing all the EBNA3
proteins (pJY07.1), which was used as the source of all of the EBNA3 proteins during the cloning
process detailed in this thesis. In addition, Dr Quentin Bazot had generated EBNA3A-ERT2 and
EBNA3C-ERT2 EBV-BAC viruses with conditional expression of either EBNA3A or EBNA3C (Bazot et al.,
2015; Styles et al., 2017). These viruses were constructed with an ERT2 receptor, as this is better than
the ER that was used in previously constructed viruses (Maruo et al., 2003, 2006; Skalska et al., 2010)
because it is more estrogen-resistant. Use of ERT2 recombinant viruses enables the use of these

recombinant EBV-BAC viruses in vivo. As intermediates in this process, Quentin constructed the pQB-
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01 and pQB-02 plasmids containing ERT2 genes, and these were used as the source of ERT2 constructs.
Plasmid maps can be found in the Appendix.

Using restriction digest and ligation techniques (as detailed in the Materials and Methods,
Section 2.4) the EBNA3 proteins were cloned alongside ERT2 genes. Briefly, plasmids were digested
with restriction enzymes as required, and fragments separated on agarose gels. Specific DNA
fragments were isolated from gels and fragments were ligated together. Ligated DNA constructs were
transformed into competent DH5a bacteria, which were then grown on selective antibiotics. DNA was
isolated from the bacteria by mini-prep and the resulting plasmid constructs confirmed by diagnostic
restriction digest, and visualised on an agarose gel, before use in subsequent cloning steps. To obtain
fragments of the EBNA3 genes, restriction enzymes were used to digest pJY07.1 (detailed
schematically in Figure 3.1A). In a series of steps (summarised in Figure 3.1B) the pCS007 construct
was created, which contained the EBNA3 genes with ERT2 genes at the C-termini of both EBNA3A and
EBNA3C.

The Bglll/Xbal fragment of pJY07.1 containing from inside EBNA3A to the start of EBNA3C was
cloned into a p8195 vector digested with BamHI and Nhel to generate pCS001. An ERT2 gene was then
sub-cloned from pQB-01 into pCS001 following digestion with BssHIl and Nhel to generate pCS004. A
fragment of pJY07.1 from digestion with Hindlll and BssHIl containing the start of EBNA3A was
inserted into pRP004 digested with the same restriction enzymes, producing pCS002. pCS002 was then
digested with Hindlll, and the klenow enzyme introduced to blunt the ends of the DNA fragment. The
DNA fragment was then ligated, which resulted in a Nhel restriction digest site in place of the Hindlll
site, producing pCS005. The Notl/BssHII fragment of pJY07.1 containing from inside EBNA3A to the
end of the EBNA3 fragment was cloned into Notl/BssHII-digested pRP004 to produce pCS003. The end
of EBNA3C-ERT2 was then sub-cloned from pQB-02 into pCS003 with Nsil and Ndel digestion to
produce pCS006. Finally, the fragments were reassembled into the pCS007 construct, following
digestion of pCS004, pCS005 and pCS006 with Sfil/BssHII, Clal/BssHII or Sfil/Clal, respectively (shown

schematically in Figure 3.2). All constructs were confirmed by diagnostic restriction digest.
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The pCS007 construct carries the EBNA3 locus with ERT2 fused to the C-terminal of both
EBNA3A and EBNA3C. pCS007 also contains an Amp resistance cassette for selection of clones, and a
BZLF1 exon 3 upstream of EBNA3C. This acts as a homology region required for the subsequent
recombination of the EBNA3 locus and ERT2 construct into the E3KO EBV-BAC, which lacks the EBNA3

locus.
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Figure 3.1. Construction of pCS007. (A) pJY07.1 was digested with either Bglll and Xbal, Hindlll and
BssHIl or BssHIl and Notl restriction enzymes to obtain fragments of EBNA3 genes for the construction
of pCS007. (B) Flow chart summarising the subsequent steps in the construction of pCS007, detailing
intermediate plasmid identification and restriction enzymes used.

From
pCS006

BZLF1 Exon 3

pCs007
14,490 bp

== BssHll

From

Sfil pCs004

Figure 3.2. Schematic showing the generation of the pCS007 plasmid. pCS004 was digested with Sfil
and BsHII restriction enzymes and ligated to fragments obtained from pCS005 digested by Cla and
BsHIlI and pCS006 digested with Clal and Sfil. The resulting ligated plasmid, called pCS007, contains
EBNA3A-ERT2, EBNA3B, EBNA3C-ERT2 as well as a BZLF1 exon and Ampicillin (Amp®) resistance
cassette.

To recombine the pCS007 construct with an EBV-BAC, a pKovKanACm construct (p4487) was
used as a shuttle vector (White et al., 2003). The pKovKanACm shuttle vector carries a Kan resistance
cassette for positive selection of clones and a levansucrase gene (SACBII) for negative selection, which
causes the death of the transformed bacteria when plated on sucrose. The pKovKanACm shuttle
vector also contains a temperature sensitive origin of replication such that it can propagate at 30°C
but is unable to replicate at 43°C. Fragments obtained by digesting pCS007 with Mlul and Nhel, and

p4487 with BssHIl and Xbal, were ligated together, resulting in insertion of pCS007 into the
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pKovKanACm vector (shown schematically in Figure 3.3). The structure of the resulting plasmid

(pCS008) was confirmed by diagnostic restriction digest.

BZLF1 Exon 3 BZLF1 Exon 3

SACBI ===, Kan®

SACBII

+
Kan®

EBNA3C
EBNA3A Targeting construct

(pCS008)

3A-ERT2/3B/3C-ERT
{pCs007)

pKovKanACm —

(p4487) Kan EBNA3A

EBNA3B

ERT2

Figure 3.3. Cloning the EBNA3A-ERT2/EBNA3B/EBNA3C-ERT2 construct into the shuttle vector. The
EBNA3A-ERT2/EBNA3B/EBNA3C-ERT2 containing plasmid (pCS007) was digested with Mlul and Nhe
and ligated into the BssHIl/Xbal-digested pKovKanACm shuttle vector (White et al., 2003). The
resultant construct was selected on LB-agar containing Kanamycin (Kan) at 30°C.

3.2.1.2. Constructing the 3A3CERT2 double conditional recombinant EBV-BAC virus by

homologous recombination

The pCS008 construct was then recombined with the E3KO EBV-BAC (JY06+3.2, hereafter
referred to as JY6) from which the EBNA3 locus has been deleted, with the exception of a fragment of
EBNA3A exon 1 for use as a homology region for the reintroduction of the EBNA3 locus. The BZLF1
exon 3 acts as the second homology region. E3KO EBV-BAC carries a Cm resistance cassette for
selection. pCS008 was co-transformed with pDF25-Tet into bacteria carrying the E3KO EBV-BAC. The
pDF25-Tet plasmid carries a Tet resistance gene and a RecA recombinase gene, and like pKovKanACm
has a temperature sensitive origin. To select for transformed bacteria carrying the parental EBV-BAC,
pCS008 and pDF25-Tet, bacteria were grown in the presence of Cm, Kan and Tet overnight at 30°C,
and then re-plated on Cm/Kan at 43°C to select for co-integrant BACs: those in which pCS008 had

incorporated into the E3KO-BAC by RecA-mediated homologous recombination.
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RecA catalyses homologous recombination between either the BZLF1 exon 3 region (at the
end of the EBNA3C-ERT2 insert) or the remaining EBNA3A region in the parental E3KO EBV-BAC, and
the complementary homologous regions contained within pCS008. Recombination at either of these
sites results in different co-integrant configurations, depending on which homologous site was
recombined, either producing a co-integrant at the EBNA3A exon 1 region (co-integrant |, Figure 3.4A),

or a co-integrant at the BZLF1 exon 3 region (co-integrant Il, Figure 3.4B).

Diagnostic restriction digestion and PFGE were used to identify the co-integrant constructs
and assess the integrity of resulting EBV-BACs. Diagnostic digestion of DNA isolated from sixty
independent transformed bacterial clones identified only one bacterial colony carrying the co-
integrant orientation | (pJY6+CS8.53), however, multiple bacterial colonies carrying co-integrant
orientation Il were identified (pJY6+CS8.3a/15/17/21/22). This indicates that recombination at the

BZLF1 exon 3 region (upstream of EBNA3C-ERT2) was more efficient.
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Figure 3.4. Generation of EBNA3A-ERT2/EBNA3B/EBNA3C-ERT2 and E3KO EBV-BAC co-integrants by
RecA-homologous recombination. pCS008 containing EBNA3A-ERT2/EBNA3B/EBNA3C-ERT within a
pKovKanACm shuttle vector backbone, and RecA-containing pDF25-Tet were co-transformed into
competent bacteria containing the E3KO EBV-BAC. Homologous recombination occurs either (A) at
the start of end of the EBNA3A exon (co-integrant I) or (B) at the BZLF1 exon 3 after EBNA3C-ERT2 (co-
integrant Il) forming co-integrant BACs.

Following confirmation of co-integrants by diagnostic restriction digest and PFGE, the single
bacterial colony carrying the co-integrant EBV-BAC of orientation | (pJY6+CS8.53) and a colony carrying
co-integrant EBV-BAC of orientation Il (pJY6+CS8.3a) were subjected to a secondary homologous
recombination reaction by the reintroduction of pDF25-Tet.

The second homologous recombination stage induced by reintroduction of RecA to co-
integrant carrying bacteria can result in two different structures. First, if the recombination occurs at
the same site of the original homologous recombination it can excise the entire target construct
(including the EBNA3-ERT2 fusions) resulting in reversion to the parental E3KO EBV-BAC. Alternatively,
if the homologous recombination occurs at the second homologous site then the pKovKanACm shuttle
vector is excised (along with the deleted EBNA3 locus region containing the EBNA3A exon 1 fragment),
and the modified EBNA3 genes remain in the EBV-BAC (3A3CERT2 BAC, shown schematically for co-
integrant orientation | in Figure 3.5). To select for bacteria carrying resolved EBV-BAC, bacteria were
grown on Cm with 5% sucrose at 43°C. Only successful recombinants or revertant BAC would survive
on Cm plates containing 5% sucrose, unless bacteria carrying co-integrant EBV-BAC have mutated the
SACBII gene. To exclude these colonies, bacteria were replica plated on Cm and Kan, where only
bacteria carrying co-integrant EBV-BAC would survive. Diagnostic digest and PFGE was used to identify

correctly resolved 3A3CERT2-BAC from the parental E3KO revertants.
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Figure 3.5. Resolution of co-integrant EBNA3A-ERT2/EBNA3B/EBNA3C-ERT2 and E3KO EBV-BAC by
secondary RecA-homologous recombination. Co-integrant BACs were resolved by a second RecA-
mediated recombination and formed either (A) the EBNA3A-ERT2/EBNA3B/EBNA3C-ERT2 (3A3CERT2)
EBV-BAC or (B) reverted to the original E3KO EBV-BAC. Only co-integrant | is shown here.

3.2.1.3. Confirming resolution of the 3A3CERT2 double conditional recombinant EBV-BAC
Two bacterial colonies were identified (by mini-prep and diagnostic digest) as carrying
resolved 3A3CERT2-BACs from co-integrant orientation | (pJY6+CS8+53.1 and pJY6+CS8+53.4). DNA
was then maxi-prepped for further analysis.
Further diagnostic digests were performed on maxi- and mini-prepped DNA from
pJY6+CS8.53.1 and pJY6+CS8.53.4 3A3CERT2-BACs, to further confirm that the co-integrant | had been
successfully resolved to form a 3A3CERT2-BAC with the presence of EBNA3 genes and ERT2 fusions to

both EBNA3A and EBNA3C. Notl restriction sites within the ERT2 domains in the EBV-BAC resulted in
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visible changes in band sizes on the pulsed field gel confirming the introduction of EBNA3A-ERT2,
EBNA3B and EBNA3C-ERT2 within the parental JY6 E3KO-BAC backbone (Figure 3.6A).

EcoRI, Agel and BamHI cut throughout the EBV genome, and these digests were used to
ensure there were no gross changes to BAC integrity, and to scrutinise the size of specific repeat
regions that may be altered by exposure to the recombinase. Restriction digest fragment sizes were
compared to the parental JY6 E3KO-BAC (Figure 3.6B-D). Although the EcoRI digestion of JY6 did not
result in identifiable bands, the band sizes of pJY6+CS8.53.1 and pJY6+CS8.53.4 did correspond to
bands digested JY6 fragments on alternative pulsed field gels (not shown). Agel digestion identified
an aberrant band in the maxi-prepped DNA of pJY6+CS8.53.1, therefore this BAC was discarded (Figure
3.8C). No gross changes or aberrant repeat regions were identified in the maxi- or mini-prepped DNA
of the pJY6+CS8.53.4 3A3CERT2-BAC. This 3A3CERT2-BAC was therefore transfected into mammalian

cells for production of infectious virus (Section 3.2.1.4).
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Figure 3.6. Pulse field gel electrophoresis analysis for verification of 3A3CERT2-BAC DNA. Mini- (MN)
and maxi-prepped (MX) DNA of the pJY6+CS8.53.1 (53.1) and pJY6+CS8.53.4 (53.4) 3A3CERT2 EBV-
BAC and mini-prepped DNA of the parental E3KO EBV-BAC (JY06) was digested with Notl to identify
the ERT2 fusions to EBNA3A and EBNA3C. The C-terminus of both ERT2 sequences contains a Notl site
which causes the 28125 bp band of JYO6 EBV-BAC (blue arrow) to cut into 3 bands of the sizes indicated
in the EBNA3A-ERT2/EBNA3C-ERT2 EBV-BAC (red arrows) as a result of recombineering. Notl band
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sizes are shown schematically (A). DNA was also digested with EcoRl (B), Agel (C), and BamHI (D)
restriction enzymes to check EBV-BAC integrity.

Following the second homologous recombination stage of the alternative co-integrant
orientation Il (pJY6+CS8.3a), only nine bacterial colonies grew on the appropriate selection, two of
which carried resolved 3A3CERT2-BAC, however diagnostic digestion indicated issues with this EBV-
BAC. A further second secondary homologous recombination reaction was then subsequently
performed on bacteria carrying pJY6+CS8.3a. Although this second reaction yielded twenty-three
colonies carrying successfully recombined EBV-BAC, diagnostic digest identified either revertant
E3KO-BAC or indicated gross changes in the resolved 3A3CERT2-BAC. Therefore, the second
homologous recombination stage was performed on two different independent bacterial colonies
carrying the co-integrant orientation Il (pJY6+CS8.17 and pJY6+CS8.21). Diagnostic digestion indicated
the resulting colonies (thirteen and eight respectively) were either revertant E3KO-BAC or indicated
gross changes in the resolved 3A3CERT2-BAC. The bacteria carrying pJY6+CS8.3a were therefore
revisited, and a third secondary homologous recombination reaction of was performed. Analysis of a
further forty bacterial colonies led to the identification of two correctly resolved 3A3CERT2-BAC
(pJY6+CS8+3alll.31 and pJY6+CS8+3alll.33) with no identifiable changes in the BAC integrity or repeat
regions. Maxi-prep was performed, and further diagnosis digest confirmed the pJY6+CS8+3alll.31
3A3CERT2-BAC carried the modified EBNA3 genes without gross changes to the BAC structure and
repeat regions (data not shown). However, transfection of the pJY6+CS8+3alll.31 3A3CERT2-BAC into

mammalian cells was not successful, with no outgrowth of transfected HEK-293 cells.

3.2.1.4. Transfection of double conditional recombinant 3A3CERT2-BAC into HEK-293

cells to generate EBV producer lines
Maxi-prep DNA of the pJY6+CS8.53.4 3A3CERT2-BAC (hereafter referred to as 3A3CERT2-BAC)
was transfected into HEK-293 cells by a lipofectin-based method (see Materials and Methods, Section
2.5.3.1). Following transfection, HEK-293 cells were cultured at low density with hygromycin to select

for successfully transfected cells carrying the 3A3CERT2 EBV-BAC (293-3A3CERT2). After 2-3 weeks
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the transfected cells established discrete colonies; these were visualised under a fluorescent
microscope to screen for GFP expression (contained within the EBV-BAC). Thirty-two colonies were
then isolated for expansion and validation.

Of the thirty-two 293-3A3CERT2 colonies isolated, seventeen maintained GFP expression and
expanded to levels suitable for assessment (Table 3.1). To confirm the cell lines could produce virus,
293-3A3CERT2 cells were transiently transfected with BZLF1 and BALF4 expression plasmids to induce
the Iytic cycle and consequently production of virus particles. The resulting virus-containing
supernatant was then titrated, which allowed for identification of the cell lines with the highest viral
titre. Of the seventeen cell lines titrated, fifteen produced identifiable EBV virus, although some were

extremely low (see Table 3.1 for values).
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Virus Clone | Outgrowth? | Viral Titre
Identifier (GRU)
M1 N -
M2 N -
M3 N -
M4 N -
M5 N -
M6 Y 20
M7 Y 40
M8 Y 30
C1 Y 3.8
Cc2 Y 16.5
c3 N -

Cc4 N -

C5 Y 0
Cé N -

c7 N -

C8 Y 17
c9 Y 850
C10 N -
Cl11 N -
C12 Y 60
C13 Y 75
Ci4 N -
C15 N -
Cle6 Y 10
C17 Y 0
C18 Y 10
C19 Y 10
C20 Y 290
Cc21 N -
C22 Y 3.4
C23 Y 3.5
C24 N -

Table 3.1 Summary of outgrowth and viral titres of 293-3A3CERT2 EBV producer cell lines.

To ensure the 3A3CERT2-BAC DNA in the producer cell lines was stable following transfection

into mammalian cells, viral episomes were isolated by low-molecular weight extraction (see Materials

and Methods, Section 2.5.3.3) from the three 293-3A3CERT2 cell lines with the highest viral titres (C9,
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C13 and C20). DNA was then transformed back into bacteria and several colonies mini-prepped for
diagnostic digests and PFGE.

Digestion of the 3A3CERT2-BAC with Notl confirmed the presence of EBNA3A-ERT2 and
EBNA3C-ERT2 in the 3A3CERT2-BAC rescued from each of the 293-3A3CERT2 EBV producer lines.
However, this also identified a gain of DNA in one of the mini-preps of bacteria transformed with DNA
isolated from the C13 293-3A3CERT2 EBV producer line (C13.6, Figure 3.7A). This gain of DNA was also
evident following digest with EcoRl (Figure 3.7D). BAC DNA isolated from the C9 and C20 293-
3A3CERT2 EBV producer lines had no detectable alterations to the DNA structure (Figure 3.7). The C13
293-3A3CERT2 cell line was therefore discarded, and virus-containing supernatant obtained from the
C9 and C20 293-3A3CERT2 EBV producer lines was used to infect cells. The validation process for the

293-3A3CERT2 EBV producer lines is shown schematically in Figure 3.8.
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Figure 3.7. Pulsed field gel electrophoresis analysis for validation of 3A3CERT2-BAC integrity
following transfection of 293 cells with 3A3CERT2-BAC DNA. Mini-prepped DNA purified from
bacteria transformed with BAC DNA isolated from three 293-3A3CERT2 EBV producer cell lines (C9,
C13 and C20) digested with the restriction enzymes Not | (A), Agel (B), EcoRlI (C), and BamHI (D) and
subject to pulse field gel electrophoresis. 6 representative colonies (.1 through .6) of 12 assessed are
shown. The parental E3KO EBV-BAC and original 3A3CERT2-BAC pJY6+CS8.53.4 are also shown for
comparison.
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Figure 3.8. Production and confirmation of BAC-derived recombinant EBV virus. Verified 3A3CERT2
EBV-BAC DNA was transfected in 293 cells forming producer cell lines. Single 293-producer cell
colonies were isolated and expanded. 293-producer cells carrying EBV-BAC DNA were transfected with
BZLF1 and BALFS5 to induce virus production; subsequent virus was titrated for green Raji units (GRU).
EBV-BAC DNA was recovered from 293-producer cells and transfected back into bacteria to verify
integrity of the EBV-BAC. High titre virus from 293-producer cell lines with verified BAC integrity were
used to infect CD19*¢ primary B cells.
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As a quick diagnostic test to confirm the conditional activity of the 3A3CERT2 EBV-BAC (that
the conditional EBNA3A-ERT2 and EBNA3C-ERT2 proteins would be stabilised only in the presence of
the activating ligand) HT was added to the 3A3CERT2 293-producer cell line for 7 days. Protein was
then harvested and analysed by western blotting (Figure 3.9). This confirmed that in 3A3CERT2 293-
producer cells, EBNA3A-ERT2 and EBNA3C-ERT2 protein expression can be induced by HT, but
EBNA3A-ERT2 and EBNA3C-ERT2 were not expressed in the absence of HT. As expected, EBNA3B was
expressed under both conditions. This experiment was performed for the two 293-3A3CERT2 EBV

producer cell lines (C9 and C20), but only one representative shown.
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Figure 3.9. Validation of conditional EBNA3A-ERT2 and EBNA3C-ERT2 latent protein expression in
293 cells transfected with 3A3CERT2 BAC DNA. Expression of the EBV latency-associated proteins
EBNA3A-ERT2, EBNA3B and EBNA3C-ERT2 was demonstrated by western blotting extracts from the
3A3CERT2 293 producer line cultured with (+) or without (-) 4-hydroxytamoxifen (HT) for 7 days. In
each blot y-tubulin was used as a loading control and was similarly consistent across all blots.

3.2.1.5. Presence of EBNA3A and EBNA3C proteins in 3A3CERT2 conditional cell lines is
dependent on continued addition of HT

Tovalidate that EBNA3A and EBNA3C would be simultaneously conditionally expressed in cells
infected with the 3A3CERT2 conditional virus, CD19"¢ B cells were purified and infected with the
3A3CERT2 virus generated from a validated 293-producer cell line. Infected cells were cultured in the
continuous presence of HT for at least 1 month to establish conditional LCLs. LCLs were then split, and

either HT addition continued or ceased. Protein was then sampled weekly for western blotting. This
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experiment was performed in independent LCLs derived from infection of CD19*¢ B cells with virus
obtained from both 293-3A3CERT2 EBV producer cell lines (C9 or C20) to validate HT-dependent
expression of EBNA3A and EBNA3C, but only one representative shown.

In 3A3CERT2 LCLs where HT is added continuously, EBNA3A and EBNA3C are expressed.
However, if the addition of HT is stopped, then levels of EBNA3A and EBNA3C progressively reduce,
so much so that by 34-40 days without addition of HT expression of both EBNA3A and EBNA3C is
barely detectable (Figure 3.10). This is consistent with the progressive reduction or loss of HT as it is
diluted in medium during cell maintenance. This indicates that HT is required continuously to maintain

expression of EBNA3A and EBNA3C.
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Figure 3.10. Expression of functional EBNA3A and EBNA3C depends on the continued addition of HT
in 3A3CERT2 conditional LCLs. Expression of EBNA3A, EBNA3B and EBNA3C was demonstrated by
western blotting extracts from a 3A3CERT2 lymphoblastoid cell lines (LCL). Cells were grown
continuously with 4-hydroxytamoxifen (HT) (+) or HT addition was ceased at day 0 (-) and cultured for
40 days. Samples were taken at the time points post cessation of HT addition indicated. In each blot
y-tubulin was used as a loading control and was similarly consistent across all blots.

To further validate whether the EBNA3A and EBNA3C ERT2 fusion proteins in 3A3CERT2 LCLs

respond to the addition or omission of HT, a 3A3CERT2 LCL was split and half washed to remove HT
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from the culture medium, and the cells re-cultured in fresh medium in the absence of HT. This differs
from the previous experiment, as HT was specifically withdrawn, rather than progressively diluted.
After 30 days HT was re-added to the culture to induce functional expression of the fusion
proteins. After HT was removed by washing and re-culturing in fresh medium the expression of
EBNA3A and EBNA3C progressively reduced such that by 20-30 days post-washing, levels of EBNA3A
and EBNA3C were largely undetectable (Figure 3.11). The reduction of EBNA3A and EBNA3C in washed
cells where HT was specifically withdrawn occurred at a swifter rate than where HT addition was
simply stopped (compare Figures 3.10 and 3.11). Addition of HT to the culture resulted in a swift
recovery of functional expression of both EBNA3A and EBNA3C (Figure 3.11). This confirms that the
presence of EBNA3A and EBNA3C protein is simultaneously dependent on the presence of the
activating ligand HT, and activation is reversible. As expected EBNA3B is constitutively expressed in
the 3A3CERT2 LCL and is unaffected by the presence or absence of HT, or the switch in EBNA3A and

EBNAS3C stability (Figures 3.10 and 3.11).
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Figure 3.11. Protein levels of EBNA3A and EBNA3C can be lost or stabilised by the absence or
presence of HT in 3A3CERT2 conditional LCLs. Expression of EBNA3A, EBNA3B and EBNA3C was
demonstrated by western blotting extracts from an 3A3CERT2 lymphoblastoid cell line (LCL). Cells
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were grown with 4-hydroxytamoxifen (HT) (+) or washed and grown without HT for 30 days (W) and
then HT re-added to the culture for a further 30 days (+). Samples were taken at the times post
washing as indicated. In each blot y-tubulin was used as a loading control, and was similarly consistent
across all blots. One representative experiment shown of two independent 3A3CERT2 LCL assessed.

3.2.1.6. Confirmation of EBV latency-associated protein expression in the 3A3CERT2
infected B cells

Having established that EBNA3A-ERT2 and EBNA3C-ERT2 protein levels vary as expected in
3A3CERT2 LCLs in response to addition or omission of HT, the next step was to ensure that other EBV
latency-associated proteins were not being affected by the presence or absence of HT. 3A3CERT2
conditional LCLs were generated by infection of CD19*¢ primary B cells isolated at the same time from
buffy coats provided by three independent donors (LCL D1, LCL D2, LCL D3) and cultured with HT
continuously. HT was removed from the culture medium by washing and cells resuspended in fresh
media and cultured for 30 days in the absence of HT. Western blot analysis of these cells showed that
other latency-associated proteins are expressed in these conditional LCLs and they are not affected
by the presence or absence of HT, or by the switch in EBNA3A and EBNA3C stability (Figure 3.12A).

Consistent with the results from LCLs, the same pattern of EBV latency-associated protein
expression can be seen in CD19*¢ B cells infected with 3A3CERT2 (1°B D1) when cultured with or
without HT for 20 days (Figure 3.12B). This confirms that cells infected with 3A3CERT2 recombinant
EBV have simultaneously conditional expression of EBNA3A and EBNA3C during primary B cell
infection and in established LCLs, while maintaining the expression of other latency-associated EBV

proteins.
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Figure 3.12. Validation of EBV latency-associated protein expression in double conditional
3A3CERT2 infected cells. Expression of EBV latency-associated proteins EBNA1, EBNA2, EBNA3A,
EBNA3B, EBNA3C, EBNA-LP and LMP-1 was demonstrated by western blotting extracts from 3A3CERT2
lymphoblastoid cell lines (LCLs) derived from 3 independent donors (3A3CERT2 LCL D1, 3A3CERT2 LCL
D2, 3A3CERT2 LCL D3) cultured with 4-hydroxytamoxifen (HT) (+) or washed and grown without HT
for 30 days (W) (A) and primary CD19"¢ B cells 20 days post infection with 3A3CERT2 recombinant
EBV (1°B D1) cultured with (+) or without (-) HT (B). In each blot y-tubulin was used as a loading control
and was similarly consistent across all blots.

The protein levels of conditional EBNA3A-ERT2 and EBNA3C-ERT2 in infected cells were
compared to the levels in EBV infected cells where EBNA3A and EBNA3C were not fused to ERT2 (WT
expression). For this, CD19™¢B cells from the same donor were infected with 3A3CERT2 recombinant
EBV (where both EBNA3A and EBNA3C contain an ERT2 fusion), 3AERT2 recombinant EBV (conditional
expression of EBNA3A-ERT2 but untagged WT expression of EBNA3C), or 3CERT2 recombinant EBV
(conditional expression of EBNA3C-ERT2 but untagged WT expression of EBNA3A). Cells were grown

with or without HT and protein samples taken at 20 days pi (1°B). Cells were then cultured with HT for
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2 months to establish LCLs. LCLs were split and half washed to remove HT and cultured for 30 days
before protein samples were harvested. Western blot analysis was then performed.

The expression of conditional EBNA3A (3AERT2 and 3A3CERT2) in newly infected cells and the
corresponding LCLs, was considerably lower than the untagged WT levels found in 3CERT2 infected
cells (Figure 3.13). Expression of conditional EBNA3C was also lower than that of untagged WT EBNA3C
in 3AERT2 cells, although expression was more comparable than for EBNA3A-ERT2. The lower
expression levels of both EBNA3A-ERT2 and EBNA3C-ERT2 must be considered when assessing the
effects of EBNA3A- and EBNA3C-mediated gene regulation in cells with conditional expression of these
proteins, as the consequences of regulation may be less profound than in cells with untagged WT

expression of EBNA3 proteins.
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Figure 3.13. Levels of EBNA3A and EBNA3C expression are lower when they have an ERT2 fusion.
Expression of the EBV latency-associated proteins EBNA3A, EBNA3B and EBNA3C was demonstrated
by western blotting extracts from CD19*¢ B cells infected with 3AERT2, 3CERT2 and 3A3CERT2
recombinant EBV and cultured for 20 days with (+) or without (-) 4-hydroxytamoxifen (HT), and from
conditional 3AERT2, 3CERT2 and 3A3CERT2 lymphoblastoid cell lines (LCLs) derived from the same
donor and cultured with (+), or washed and grown without HT for 30 days (W). In each blot y-tubulin
was used as a loading control and was similarly consistent across all blots.
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3.2.2. A cumulative phenotypic effect is seen when both EBNA3A and
EBNA3C are simultaneously non-functional compared to when either
EBNA3A or EBNA3C are independently functional

3.2.2.1. Cell viability and proliferation are reduced in cells with simultaneously non-
functional EBNA3A and EBNA3C compared to those with functional expression of
either EBNA3A or EBNA3C

The proliferative capacity of cells is impaired when either EBNA3A or EBNA3C are
independently non-functional: a reduced proliferative capacity is seen in EBNA3A-null cell lines
compared to WT, and EBNA3C-null cells are unable to produce LCLs (Bazot et al., 2015; Hertle et al.,,
2009; Skalska et al., 2013). Therefore, the viability and levels of proliferation were assessed in cells
where EBNA3A and EBNA3C were simultaneously non-functional by cell count analysis and by EdU
incorporation, and compared to cells where EBNA3A or EBNA3C were independently conditionally
expressed. Purified CD19™¢ cells isolated from the same donor were infected with either 3AERT2,
3CERT2 or 3A3CERT2 recombinant EBV. Cells were grown with HT continuously to produce LCLs with
conditional expression of EBNA3A, EBNA3C or both EBNA3A and EBNA3C.

Once LCLs had been established, the conditional EBNA3 proteins were inactivated by removal
of the activating ligand HT from each culture by washing. Over the 30 days following HT withdrawal,
cells were seeded at specific densities and then counted after 2-3 days to assess proliferation (see
Materials and Methods, Section 2.2.3). Confirming previous observations, cell proliferation was
decreased when either EBNA3A or EBNA3C were non-functional due to the removal of HT from cell
culture, with fewer EBNA3C-null proliferating cells than EBNA3A-null proliferating cells [(Maruo et al.,
2003; Skalska et al., 2010), Figure 3.14A/B]. However, the least proliferation was seen in cells where

both EBNA3A and EBNA3C were simultaneously non-functional (Figure 3.14C/D).
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Figure 3.14. Cell count analysis of conditional EBNA3A, EBNA3C and EBNA3A3C LCLs. Cell expansion
was analysed in 3AERT2 (A), 3CERT2 (B) and 3A3CERT2 (C) conditional lymphoblastoid cell lines (LCLs)
derived from the same donor cultured with 4-hydroxytamoxifen (HT) (+, blue) or washed and grown
without HT (WASH, red) for 30 days. Cell expansion was determined by trypan blue exclusion at the
days post washing as indicated and total cell expansion was plotted. (D) Percentage difference of the
cells of A, B and C grown without HT (WASH) for 31 days shown relative to cells grown with HT (+).

This experiment was performed once.

Cell viability was assessed by live-dead staining, and a more precise measure of cell
proliferation was conducted by measuring EdU incorporation, in both newly infected primary B cells
and conditional LCLs. In each experiment CD19*¢ cells were isolated from the same independent
donor and infected with either 3AERT2, 3CERT2 or 3A3CERT2. Newly infected cells were grown in the
presence or absence of HT and were assessed at 21 days pi. LCLs derived from the same independent
donor (as described above, Figure 3.14) were split and half of the culture washed and removed to

fresh media in the absence of HT for 30 days to inactive the conditional proteins (WASH).

163



In both newly infected cells and conditional LCLs, live cell staining revealed increased levels of
dead cells when both EBNA3A and EBNA3C were non-functional (3A3CERT2 HT-/WASH), compared to
cells with inactivation of EBNA3A or EBNA3C alone (3AERT2 HT-/WASH, 3CERT2 HT-/WASH) (Figure
3.15A/C). Incorporation of EAU was used as a measure of cells undergoing or entering the S phase
over a 2-hour exposure period, therefore indicating cells undergoing preparation for division and
proliferation. As was the case for cell proliferation when assessed by cell count analysis, the
percentage of cells in S phase was reduced when either EBNA3A or EBNA3C were inactive but was
reduced more in the simultaneous absence of both EBNA3A and EBNA3C (Figure 3.15B/D).

The absence of both EBNA3A and EBNA3C in EBV infected cells appears to be more
detrimental to proliferation and viability than when either EBNA3A and EBNA3C are independently
absent. Together, this data suggests an additive effect when both EBNA3A and EBNA3C are
simultaneously non-functional. This implies EBNA3A and EBNA3C have non-redundant independent

functions, alongside their overlapping roles.
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Figure 3.15. Proliferative capacity and cell viability is reduced when EBNA3A and EBNA3C are non-
functional in EBV infected primary B cells and conditional LCLs. Cell viability of CD19"¢ purified B cells
isolated from the same donor and infected with 3AERT2, 3CERT2 or 3A3CERT2 recombinant EBV virus
cultured with (+) or without (-) 4-hydroxytamoxifen (HT) for 21 days (A) and 3AERT2, 3CERT2 and
3A3CERT2 conditional LCLs derived from the same donor cultured with (+) or washed and grown
without HT (WASH) for 28 days (C) was evaluated by live/dead staining. Proliferation of the live cells
described in A and C was assessed by EdU incorporation (5 uM) over 2 hours and determined by flow
cytometry. The percentage of live single cells that have entered the S phase are summarised (B and
D). Representative experiment of two independent CD19"¢ cell donors analysed.

3.2.2.2. EBNA3A and EBNA3C target genes are regulated as predicted in cells with
simultaneously conditional expression of EBNA3A and EBNA3C
Quantitative PCR was used to assess whether the conditional inactivation of EBNA3A and

EBNA3C by absence of HT would result in an absence of regulation of target genes. CD19" cells were

isolated from an independent donor and infected with 3AERT2, 3CERT2 or 3A3CERT2 recombinant
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EBV. Cells were cultured for with (+) or without (-) the activating ligand HT and mRNA harvested at 20
days pi.

Messenger RNA levels of the EBNA3A target gene CXCL10 (Hertle et al., 2009) rose in the
absence of EBNA3A independently (3AERT2-) and in the absence of both EBNA3A and EBNA3C
(3A3CERT2-, Figure 3.16A) as predicted. Similarly, the EBNA3C-repressed gene COBLL1 (Kalchschmidt
etal., 2016a) was de-repressed in cells with lacking EBNA3C function (3CERT2- and 3A3CERT2-) (Figure
3.16B). CDKN2A encodes p16™%4 which is repressed by both EBNA3A and EBNA3C (Skalska et al.,
2010). As previously established, levels of p16™® mRNA was elevated when either EBNA3A or
EBNA3C are independently conditionally inactivated. When both EBNA3A and EBNA3C are
simultaneously inactive (3A3CERT2-) there appeared to be a greater effect with mRNA levels of
p16'Nk4a exceeding those seen in 3AERT2- or 3CERT2- cells. Regulation of the housekeeping control
gene ALAS1 was unaffected by EBNA3 activity showing that HT-associated regulation is an EBNA3-
specific effect and not a consequence of cell differences (Figure 3.16D). This shows that EBNA3A and
EBNA3C target are regulated as expected, as regulation was lost in cells with simultaneously
conditional inactivation of EBNA3A and EBNA3C. Furthermore, these results indicate a potential

additive effect on genes targeted by both EBNA3A and EBNA3C.

166



A EBNAS3A Target Gene B EBNA3C Target Gene

80+ 6500-
=
Q c
rr [+]
[2] - —
g 60 # 4500-
=, g
> o
1 404 u;j
e 1 2500-
- [11]
204
2 3
© 500-
c ] I- L] L] L] ]
U O Vv U v
oF o o g o a
¥ g
EE HT(+) B HT() . HT (+) = HT()
c D .
EBNA3A/EBNA3C Target Gene Negative Control
10+ 1.5-
£ c
2 8- 8
¢ 81.0
@ 1.0+
g 61 5
w >
w
3 47 -
§ o 0.54
© 2- <
2 <
0- 0.0-
v <V <V <V <V £V
“Jv. n,v'
B HT(+) @ HT(-) mm HT(+) mm HT(-)

Figure 3.16. EBNA3A and EBNA3C target genes are regulated in primary B cells infected with
3A3CERT2. Primary B cells infected with 3AERT2, 3CERT2 and 3A3CERT2 recombinant EBV were
cultured with (+) or without (-) 4-hydroxtamoxifen (HT) for 20 days. Analysis of expression of CXCL10
(A), COBLL1 (B) CDKN2A (p16™%42 C) and ALASI (control housekeeping gene, D) mRNA was performed
by quantitative PCR (qPCR) and relative mRNA expression was normalised to the endogenous control
GNB2L1, with fold change shown relative to cells grown with (+) HT for each cell line. Error bars
indicate the standard deviation of qPCR triplicates for each sample. Representative experiment of

three independent CD19* cell donors analysed.

3.2.3. EBNA3A and EBNA3C cooperatively regulate CDKI

EBNA3A and EBNA3C have been shown to regulate various cell cycle regulatory factors,
particularly CDKls [reviewed in (Allday et al., 2015; Styles et al., 2018)]. This is likely a mechanism to
circumvent cell cycle regulatory pathways that act to prevent aberrant cell proliferation and induce
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suicide response pathways, that would otherwise be stimulated by EBV-mediated transformation.
Therefore, differential regulation of CDKIs was assessed in cells with simultaneously conditionally
inactive EBNA3A and EBNA3C, and compared to cells derived from the same donor where either
EBNA3A or EBNA3C alone were conditionally inactive.
3.2.3.1. Regulation of CDKI by EBNA3A and EBNA3C during primary infection

Assessing differential gene regulation during infection of primary B cells with EBV allows the
study of EBV regulation during early infection and the transformation of B cells in a polyclonal
population. Therefore, the transcriptional regulation of CDKI by EBNA3A and EBNA3C was assessed in
CD19*¢ cells from an independent donor infected with 3AERT2, 3CERT2 and 3A3CERT2 and cultured
as described for Figure 3.16.

EBNA3C, and to a lesser extent EBNA3A, have been shown to transcriptionally regulate the

5INK4b 3nd p16™*42 by initiating deposition of the

adjacent genes encoding the INK4 family members p1
repressive histone mark H3K27me3 on the CDK2NA and CDKN2B locus (Jiang et al., 2017; Skalska et
al., 2010, 2013). Consistent with these findings, elevated levels of p15™* and p16™*** mRNA were
seen when EBNA3C was inactive. However, when both EBNA3A and EBNA3C were inactive, levels of
p15™* and to a lesser extent p16™*?, were even more elevated (Figure 3.17A/B). This suggests a
possible additive effect of losing both EBNA3A and EBNA3C function (Figure 3.17A/B).

Regulation of the INK4 CDKI family member p18™4 by EBNA3A and EBNA3C has not been
previously assessed. Interestingly, at 20 days pi p18'N*4 transcription was elevated only when both
EBNA3A and EBNA3C are non-functional, but remained largely repressed when either EBNA3A or
EBNA3C alone were active (Figure 3.17C). This suggests that either EBNA3A or EBNA3C is sufficient to
repress the CDKI p18™¥4, As p18'NK4¢ has g set of B cell specific functions, which EBV primarily infects,
further investigation into EBNA3A and EBNA3C-mediated repression of p18'N*¢ was performed and is
described in Chapter IV.

It has been suggested that EBNA3A and EBNA3C regulate expression of p21CPY/WAFL by

targeting it for proteasomal degradation (Banerjee et al., 2014; Tursiella et al., 2014). Consistent with
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this, there was little difference in p21WA"/“" transcript levels when EBNA3A or EBNA3C were both
conditionally inactive (Figure 3.17D).

EBNA3A and EBNA3C have been shown to transcriptionally activate expression of miR221 and
miR222, which subsequently leads to repression of p57%'?, and to a lesser extent p274" (Bazot et al.,
2015). There was no considerable difference in p27*"* mRNA when both EBNA3A and EBNA3C were
simultaneously or independently inactive (Figure 3.17E). However, a substantially elevated level of
p57¥"2 was seen in the absence of functional EBNA3A (in both EBNA3A-null and EBNA3A/EBNA3C-null
cells), and to a lesser extent in the absence of EBNA3C (Figure 3.17F).

As expected, transcriptional expression of the control housekeeping gene ALAS1 was
unaffected by the differing activity of the EBNA3A and EBNA3C oncogenes during primary B cell

infection (Figure 3.17G)
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Figure 3.17. EBNA3A and EBNA3C regulate CDKI mRNA expression early after infection with EBV.
CD19*"¢ primary B cells infected with 3AERT2, 3CERT2 and 3A3CERT2 recombinant EBV were cultured
with (+) or without (-) 4-hydroxtamoxifen (HT) for 20 days. Analysis of expression of CDKN2B (p15™4;
A), CDKN2A (p16™*4a; A), CDKN2C (p18™N¥4; C), CDKN1A (p21CPYWAFL. D), CDKN1B (p27*'**; E), CDKN1C
(p57""%; E) and ALASI (control housekeeping gene; G) mRNA was performed by quantitative PCR
(qPCR) and relative mRNA expression was normalised to the endogenous control GNB2L1, with fold
change shown relative to cells grown with (+) HT. Error bars indicate the standard deviation of qPCR
triplicates for each sample. Representative experiment of three independent CD19*¢ cell donors

analysed.
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To corroborate these findings at a protein level, western blot analysis was performed. CD19*"¢
cells were isolated from a second independent donor and infected with the same recombinant viruses
and grown under the same conditions. Protein was harvested 20 days pi and CDKI protein levels
assessed. Cell extracts were previously described in Figure 3.13.

Western blot analysis of p15™%** and p16™* protein levels in CD19*¢ B cells infected with the
same viruses and grown under the same conditions were consistent with the elevated mRNA levels
seen in cells with inactive EBNA3 proteins (Figure 3.18). In addition, consistent with the mRNA results,
elevated protein levels of p18™*4 were only seen in cells with simultaneously conditionally inactive
EBNA3A and EBNA3C (Figure 3.18).

Analysis of p21WAFYCPL transcripts did not show any considerable difference in p21WAFY/CiP1
mRNA expression when EBNA3A and EBNA3C were active or inactive. However, elevated levels of
p21CPYWARL were seen by western blotting in cells with inactive EBNA3A and simultaneously inactive
EBNA3A and EBNA3C (Figure 3.18). This supports previous work, which has suggested EBNA3A and
EBNA3C are regulating p21“PWAF jn a3 post-transcriptional manner (Banerjee et al., 2014; Tursiella et
al., 2014).

In contrast to the absence of differential mMRNA expression of p27*"* depending on EBNA3A
and EBNA3C stability, proteins levels were modestly elevated in cells with simultaneously inactive
EBNA3A and EBNA3C (Figure 3.18). Consistent with EBNA3A- and EBNA3C- mediated repression of
p574"2 (Bazot et al., 2015), and elevated mRNA levels when they are inactivated (Figure 3.17F),
increased levels of p57X"2 were seen by western blot in cells with inactive EBNA3A and EBNA3C. As
with p15™ % and p16'N*4?, there appeared to be an additive effect of the absence of both EBNA3A and
EBNA3C, with increasingly higher p574" protein levels (Figure 3.18). However, this additive effect was
not evident at the mRNA level (Figure 3.17). Furthermore, p57%? transcript levels were higher in
EBNA3A-null cells compared to EBNA3C-null cells whereas the protein levels of p57¢"2were higher in

EBNA3C-null cells compared to EBNA3A-null cells. This is possibly a result of donor dependent
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variation in the relative contributions of EBNA3A and EBNA3C to gene regulation, as mRNA and

protein levels were assessed in different CD19¥¢ B cell donors.

3AERT2 3CERT2 3A3CERT2
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Figure 3.18. EBNA3A and EBNA3C regulate expression of CDKI early after infection with EBV.
Expression of the EBV latency-associated proteins EBNA3A and EBNA3C, and the CDKI p15'NK%,
pl6'NK4a p18INKic nCIPYWARL 57 7KIPL and p57X'"2 was demonstrated by western blotting extracts from
CD19*¢ primary B cells from an independent donor infected with 3AERT2, 3CERT2 or 3A3CERT2
recombinant EBV and cultured for 20 days with (+) or without (-) 4-hydroxytamoxifen (HT). In each
blot y-tubulin was used as a loading control and was similarly consistent across all blots.

3.2.3.2. Regulation of CDKI by EBNA3A and EBNA3C in newly established conditional LCLs

Following assessment of EBNA3A- and EBNA3C-mediated regulation of CDKI during primary B
cell infection, regulation of CDKI in conditional LCLs was assessed. The 3AERT2, 3CERT2 or 3A3CERT2
infected CD19"¢ B cells grown with HT from Figure 3.18 were cultured for two-months to establish
LCLs. They were then split, and half of the culture was washed and re-cultured in media without HT.
After 30 days, mRNA and protein samples were harvested for assessment of CDKI transcript and

proteins levels by gPCR and western blotting. Cell extracts were described previously in Figure 3.13.
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Consistent with EBNA3A- and EBNA3C-dependent reversible regulation of p15™% and
p16'N*4a a5 described previously (Jiang et al., 2017; Skalska et al., 2013; Styles et al., 2017), mRNA and
protein levels were elevated 30 days after withdrawal of HT from conditional LCLs (Figure 3.19A/B).
However, the level of p18™¥4 (which was substantially de-repressed in 3A3CERT2-infected primary B
cells lacking HT) was only very modestly elevated, with less than a 2-fold increase in p18™Nc mRNA
(Figure 3.19C). This indicates that while initiating repression of p18™¢ requires either EBNA3A or
EBNA3C, it may not require them for its continued repression (see Chapter IV).

Elevated levels of p21°P¥WAL were evident only at a protein level when EBNA3A and EBNA3C
were inactivated in newly infected cells. This was mirrored in conditional LCLs, with no considerable
differences in mRNA expression when EBNA3A and EBNA3C were inactivated (Figure 3.19D).

Regulation of p27X'*2 by EBNA3A and EBNA3C is thought to occur at a lesser extent than p57%'?*
(Bazot et al., 2015) and, as seen in CD19™¢ cells newly infected with conditional EBV viruses, there
was no notable difference in p27“"* mRNA levels following inactivation of EBNA3A and/or EBNA3C for
30 days (Figure 3.19E). In contrast to p18™**, and consistent with p15™4* and p16™*4, reversible
regulation of p57%"2 in conditional LCL was consistent with regulation during primary B cell infection.
However, inactivation of EBNA3A, EBNA3C and both EBNA3A and EBNA3C simultaneously led to
comparably elevated levels of p57¥"> mRNA. This contrasts with the apparently dominant effect of
EBNA3A in newly infected cells (Figure 3.19F, Figure 3.17F). This is possibly reflective of the
involvement of miRNA in repression of p57X2, rather than direct transcriptional repression by EBNA3A
and EBNA3C.

Expression of the control housekeeping gene ALAS1 mRNA was not affected by the

inactivation of EBNA3A and EBNA3C proteins in the conditional LCLs (Figure 3.19G).
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Figure 3.19. EBNA3A and EBNA3C regulate CDKI mRNA expression in newly established conditional
LCLs. CD19*¢ B cells from the same donor were infected with either 3AERT2, 3CERT2 or 3A3CERT2
recombinant EBV and were cultured with 4-hydroxytamoxifen (HT) to establish conditional
lymphoblastoid cell lines (LCLs). LCLs were grown either with HT (+) or washed and grown without (W)
4-hydroxtamoxifen (HT) for 30 days. Analysis of expression of CDKN2B (p15™*4*; A), CDKN2A (p16'N*43;
B), CDKN2C (p18™¥<; C), CDKN1A (p21CPYWARL. D), CDKN1B (p27X"*; E), CDKNIC (p57*'"?; E) and ALAS1
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(control housekeeping gene; G) mRNA was performed by quantitative PCR (gPCR) and relative mRNA
expression was normalised to the endogenous control GNB2L1, with fold change shown relative to
cells grown with (+) HT. Error bars indicate the standard deviation of qPCR triplicates for each sample.
Representative experiment of three independent CD19*"¢ cell donors analysed.

To confirm these findings at a protein level, western blotting analyses were performed on
protein extracts from the same cells, harvested on the same day as the mRNA samples. These cell
extracts were previously described in Figure 3.13.

Protein levels of p15™** and p16™**® were consistent with the mRNA results, and the results
of the newly infected cells, further indicating reversible regulation of these CDKI. These all showed
elevated levels of p15™* and p16™** when EBNA3C and (to a lesser extent) EBNA3A were
independently inactivated, with the highest levels seen in cells with simultaneously inactivated
EBNA3A and EBNA3C (Figure 3.20). Furthermore, consistent with only a very modest increase in
p18'Nk¥ mRNA, at a protein level there was no notable difference in p18™*% expression when HT was
withdrawn (Figure 3.20).

Consistent with the cells newly infected with conditional EBV viruses, there was no notable
difference in p21VAf/¢P1 expression at an mRNA level when EBNA3A, EBNA3C or both were inactivated

1WAF1/CIP1

for 30 days in conditional LCL. However, there was an increase in p2 protein (Figure 3.20),
further indicating EBNA3A and EBNA3C are post-transcriptionally regulating p21"WA*/%"* 35 has been
suggested previously (Banerjee et al., 2014; Tursiella et al., 2014).

No notable difference in p27X™ protein expression was evident in conditional LCLs (Figure
3.20), consistent with the mRNA results. However, this contrasts the newly infected cells where
EBNA3A/EBNA3C-null cells had elevated levels of p27**! protein (Figure 3.18). Although mRNA levels
of p57¥"2were comparably elevated at an mRNA level, the protein levels were not consistent, with an

elevated increase seen in EBNA3A-null cells compared to cells where EBNA3C or EBNA3A and EBNA3C

were inactivated for 30 days (Figure 3.20).
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Figure 3.20. EBNA3A and EBNA3C regulate CDKI in newly established conditional LCLs. Expression of
the CDKls p15'Nk4, p16!NK42 n18INK4e 521 WAFL 12 7KPL gnd p57%P2 was demonstrated by western blotting
extracts from an 3AERT2, 3CERT2 and 3A3CERT2 lymphoblastoid cell lines (LCLs) derived from the
same donor and cultured with 4-hydroxytamoxifen (+,HT), or washed and grown without HT for 30
days (W). In each blot y-tubulin was used as a loading control and was similarly consistent across all
blots.

Regulation of CDKIs in an LCL with conditional expression of both EBNA3A and EBNA3C
simultaneously was further analysed by western blotting over a 60-day time course, whereby EBNA3A
and EBNA3C were inactivated for 30 days and then re-activated for 30 days. Cell extracts were
previously shown in Figure 3.11 and described in Section 3.2.1.4.

As seen in EBV infected primary B cells, protein levels of p15™¢, p16/Nk4a p21CPY/WAFL gnd
p57¥"2 responded to the differential state of EBNA3A and EBNA3C stability. Levels of these CDKIs were

elevated following inactivation of EBNA3A and EBNA3C, with re-addition of HT restoring their

5INK4b 6INK4a

repression (Figure 3.21). Restoring the repression of the INK4 family CDKI p1l and pl
appeared to take well over 10 days. In contrast, repression of the CIP/KIP members p21¢"/WAFL and

p574"2 was nearly complete following 10 days of HT re-addition. This is potentially reflective of the

different mechanisms employed by EBNA3A and EBNA3C in regulation of these CDKI. Consistent with

176



the previous results, there was no notable difference in p27X™ when EBNA3A and EBNA3C were
inactivated and sequentially reactivated.

However, as was also seen in the previous LCL experiment (Figure 3.17), expression of p18'Nk4
did not consistently increase and decrease in response to changing EBNA3A and EBNA3C activation
state. However, the levels of p18™N*c were erratic over the 60 days in the washed population, with
slightly elevated levels at 10- and 20-days post washing and at 60 days (30 days after HT re-addition).
These levels do not correlate with EBNA3A and EBNA3C presence or absence, and the consistent levels
of expression of the control y-tubulin demonstrates protein levels were the same in each well.
Furthermore, p18'N4 levels in LCLs where HT was added continuously, where EBNA3A and EBNA3C
were continually functional, also fluctuate, suggesting that these variations reflect normal changes in

p18 levels, irrespective of EBNA3A and EBNA3C stability.
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Figure 3.21. Regulation of CDKI in an 3A3CERT2 LCL where EBNA3A and EBNA3C are simultaneously
conditionally deactivated and reactivated. Expression of p15N4, p16/Na p1gINKic 5o WAFL [ 7KIP1
and p57%*2 was demonstrated by western blotting extracts from an 3A3CERT2 lymphoblastoid cell line
(LCL). Cells were grown continuously with 4-hydroxytamoxifen (HT) (+), or HT was washed out of the
culture for 30 days (W) and then re-added to the culture for a further 30 days (+). Samples were taken
at the indicated times point post washing. In each blot y-tubulin was used as a loading control and
was similarly consistent across all blots.
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3.3. Summary

This chapter details the construction and validation of a recombinant EBV virus with
simultaneously conditional expression of EBNA3A and EBNA3C; the 3A3CERT2 virus. EBNA3 proteins
were cloned alongside ERT2 genes to create an EBV-BAC with ERT2 fused to both EBNA3A and
EBNA3C, with the aim of making expression of both EBNA3A and EBNA3C simultaneously conditional
on the presence of the activating ligand HT. This EBV-BAC was transfected into mammalian cells
allowing production of infection virus following transient activation of the EBV lytic cycle. Infection of
CD19*¢ B cells with the newly constructed 3A3CERT2 virus validated that expression of EBNA3A and
EBNA3C protein in these cells was dependent on the continuous presence of HT, and the expression
of EBNA3A and EBNA3C responded to sequential omission or addition of HT.

Using this newly constructed virus, cells with simultaneously non-functional EBNA3A and
EBNA3C were shown to exhibit enhanced cell death and reduced proliferation compared to cells
where EBNA3A or EBNA3C were independently inactive.

Furthermore, gPCR and western blot analysis confirmed differential regulation of the CDKI
p15NK4 n16NK4cand p57X°2 in cells newly infected with 3A3CERT2 and in double conditional LCLs. This
also indicated an additive effect when EBNA3A- and EBNA3C-mediated regulation was simultaneously
absent or lost. Although regulation of p27¥"* by EBNA3A and EBNA3C was not confirmed, post-
transcriptional regulation of p21WAF/CP1 by EBNA3 proteins was indicated by western blot analysis.
Analysis of cells with simultaneously inactive EBNA3A and EBNA3C also revealed repression of the
CDKI and B cell differentiation factor p18™4c, with loss of regulation only evident when both EBNA3A
and EBNA3C were inactive in newly infected cells. However, in contrast to the other CDKI analysed,
there were inconsistencies between newly infected cells and conditional LCLs, indicating repression

may not require continuous expression of active EBNA3A and EBNA3C.
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3.4. Discussion

3.4.1. Co-operative functions of the EBNA3 proteins

EBNA3A and EBNA3C share a diverse array of overlapping functions, yet retain some individual
functions and are conserved genes within the EBV genome. The conserved nature of these genes over
the history of EBV evolution indicates the vital nature of the genes, and requirement of the
transcriptional profile they facilitate. Despite the differing functions of the oncogenic EBNA3A and
EBNA3C, compared to the tumour suppressive EBNA3B, all three EBNA3 proteins cooperatively
regulate numerous genes (White et al., 2010). EBNA3 proteins have been observed to substantially
co-localise across the genome of LCLs and they can be readily co-precipitated from cell extracts (Allday
et al., 2015; McClellan et al., 2013; Paschos et al., 2012, 2017; Schmidt et al., 2015). ChIP and
microarray analysis has revealed there is only modest co-operation and rare co-localisation between
EBNA3A and EBNA3B across the genome, with the majority of co-localisation involving EBNA3C
cooperating with either EBNA3A or EBNA3B, or both (Paschos et al., 2017; White et al., 2010).
Moreover, repression of host genes dominates differential gene expression, and deletion of EBNA3C
most significantly affects host gene regulation (White et al., 2010).

Transcriptional regulation by the EBNA3 proteins is essential for efficient B cell transformation
and persistence of EBV. Although EBNA3A and EBNA3C mediated gene regulation has substantial
overlap and they appear to perform seemingly redundant functions, such as repression of p16™** and
BIM (Maruo et al., 2011; Paschos et al., 2017; Skalska et al., 2010), they also independently repress
specific genes. EBNA3C is thought to independently repress COBLL1 and AICDA (Kalchschmidt et al.
2016a, 2016b), and EBNA3A was recently shown to target STK39 independently of EBNA3C (Bazot et
al., 2018).

To further assess the combined and independent functions of the oncogenic EBNA3A and
EBNA3C oncogenes, BAC and recombineering technology was employed to generate a recombinant

EBV virus with conditional expression of both EBNA3A and EBNA3C simultaneously (3A3CERT2).
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Infecting primary B cells isolated from the same donor with this newly constructed double conditional
virus, alongside previously constructed recombinant EBV where either EBNA3A or EBNA3C are
conditionally expressed, permitted investigation of the combined and independent functions of
EBNA3A and EBNA3C during both primary B cell infection and within LCLs.

The phenotype of cells with simultaneously inactive EBNA3A and EBNA3C appeared more
extreme than in cells where only EBNA3A or EBNA3C was inactive. Elevated levels of dead cells and
decreased proliferating live cells, were observed in cells infected with 3A3CERT2 compared to cells
infected with the single conditional viruses (3AERT2 or 3CERT2, Figures 3.14 and 3.15). This indicates
that EBNA3A and EBNA3C (when expressed independently of the other), enhance cell survival,
although, not for much longer than EBNA3C-null cells.

The intricacies of the cooperative behaviour of the EBNA3 proteins have not yet been
completely characterised. It would therefore be interesting to generate a recombinant virus with
conditional expression of EBNA3A and EBNA3C, alongside a deletion in EBNA3B to further assess the
roles and contradicting functions of the oncogenic EBNA3 proteins. This would enable the conclusive
exclusion of EBNA3B in transcriptional regulation of processes attributed to the EBNA3A and EBNA3C
oncogenes. Furthermore, considering the extensive cooperation of EBNA3C with EBNA3B, suggested
by extensive co-localization across the genome and co-operative gene regulation (Paschos et al., 2017;
White et al., 2010), it may be interesting to generate a double conditional virus for EBNA3C and
EBNA3B to further reveal the consequences of this cooperative behaviour. However, production of an
EBNA3B-ERT2 virus has thus far been unsuccessful in the Allday Laboratory (Dr G. Ho, PhD Thesis), so
an EBNA3C-ERT2/EBNA3B-KO may be more technically feasible. Although technically challenging, a
recombinant virus with differential conditional expression of EBNA3A and EBNA3C proteins using
different systems, such as ERT2 conditional proteins as well as a DOX-inducible system in the same
recombinant virus, could also help untangle the complexities of EBNA3 cooperative gene regulation

by allowing controlled expression of different EBNA3 proteins in a temporal manner.
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3.4.2. Cell cycle regulation by EBNAS3 proteins

EBNA3A and EBNA3C have previously been shown to regulate various cell cycle regulatory

5Nk 3nd p16'N“c by transcriptional regulation (Jiang et al., 2017; Skalska et al.,

factors including p1
2010), p27¥" and p57"? by transactivation of inhibitory miRNA (Bazot et al., 2015) and have been
associated with proteasomal degradation of p21“"/WAf1 (Banerjee et al., 2014; Tursiella et al., 2014) .
Therefore, regulation of these factors in cells where EBNA3A and EBNA3C were simultaneously
inactivated was assessed by gPCR and western blotting, and compared to cells from the same donor
where either EBNA3A and EBNA3C were inactivated independently.

As predicted, this revealed that when both EBNA3A and EBNA3C were simultaneously inactive
in newly infected cells or conditionally inactivated in LCLs, there was an increase of p15™* and
p16™** mRNA and protein. There appeared to be an elevated level of both p15™*® and p16™**when
both EBNA3A and EBNA3C were non-functional, compared to when they were individually expressed
(Figures 3.17,3.18, 3.19. 3.20). This was reflected in the increased levels of p57*'"2in EBNA3A/EBNA3C-
null primary B cells. The levels of p15™4, p16'N4 and p574"2 similarly responded to sequential
inactivation and activation of both EBNA3A and EBNA3C (Figure 3.21), confirming regulation of these
CDKI by EBNA3A and EBNA3C is reversible. Although p27X" has been shown to be regulated by
EBNA3A and EBNA3C, following transcriptional activation of inhibitory miRNA (Bazot et al., 2015), this
was not evident at an mRNA level in newly infected cells or conditional LCLs. However, concurrent
with p57%2, there were increased levels in the absence of both EBNA3A and EBNA3C in newly infected
cells.

Due to EBNA3-mediated repression of various CDKI, the INK4 family member p18™¥4 was also
investigated in cells with conditional expression of EBNA3A and EBNA3C. Western blot and qPCR
analysis of primary B cells newly infected with EBV indicated p18™ ¢ is a target of both EBNA3A and
EBNA3C, with expression of either EBNA3 protein sufficient to restrain transcription of p18'NK4c
(Figures 3.17 and 3.18). This is the first description of EBV mediated regulation of p18™K4 [now

published (Styles et al., 2017)]. Furthermore, this is the first time an EBV-target has been shown to be
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largely repressed by the expression of either EBNA3A or EBNA3C. This implies there are further genes
regulated by both EBNA3A and EBNA3C where individual inactivation has not yet revealed the
regulatory control induced by these proteins. It would therefore be of interest to perform a microarray
or RNA-seq to identify genes differentially regulated only when both EBNA3A and EBNA3C are
simultaneously inactive. Regulation of p18™NK4 by EBNA3A and EBNA3C is particularly interesting as,
aside from being a CDKI, p18™¥4 has been shown to have specific functions in B cells, the primary
target of EBV. p18™*4 functions as B cell differentiation factor and is required for the generation of
terminally differentiated PC (Morse et al., 1997; Tourigny et al., 2002). Therefore, the repression of
p18'Nk4 by EBNA3A and EBNA3C was investigated further, and the link to EBV-mediated regulation of
the B cell to PC differentiation pathway is explored in Chapter IV.

Direct EBNA3-mediated regulation of p15™, p16'NK2  p57€P2and p274P has been
established by genetic analyses using recombinant EBV with genetic modifications to the EBNA3
genes. However, the precise mechanism employed by EBNA3A and EBNA3C to regulate CDKI
p21WAF/CPL has not been conclusively demonstrated using recombinant EBV viruses within the context
of infection. It has been suggested EBNA3C interacts with PIM-1 to target p21"WAFY/%"! for degradation.
EBNA3C was shown to interact with PIM-1, and overexpression of EBNA3C in 293 cells enhanced PIM-
1 mediated phosphorylation and subsequent degradation of p21WAFY/CP1 (Banerjee et al., 2014).
Furthermore, shRNA mediated knock-down of EBNA3A in LCL and in a BL cell line which expressed a
limited latency Il profile lacking EBNA2, EBNA-LP and LMP proteins, was concurrent with elevated
p21WAFY/CPL protein expression (Tursiella et al., 2014). The results in this chapter do not identify the
precise biological mechanisms employed by EBNA3A and EBNA3C in repression of p21WAF/CIPL
However, elevated levels of p21WAFY/CP1 protein were seen in in both newly infected B cells and in
conditional LCL by western blot when EBNA3A, or both EBNA3A and EBNA3C, were non-functional.
However, there was no difference in mRNA levels when EBNA3A or EBNA3C were active or inactive.
This therefore further indicates that EBNA3A, and possibly EBNA3C, are employing post-

transcriptional repressive mechanisms to regulate p21"VA*/“"1 during EBV infection. As with p15™4,
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p16™K4 and p57%P2, regulation of p21WAFYCPl appears dependent on the continuous presence of
functional EBNA3 proteins, as regulation can be reversed or induced by inactivation or activation of
both EBNA3A and EBNA3C in conditional LCLs.

Consistent with p15'%* p16'N42 p27X¥P1 and p57XP2, the highest levels of p21WAFY/CPL were
identified in cells with simultaneously non-functional EBNA3A and EBNA3C. The levels of p18'N%c were
similarly highest in EBNA3A/EBNA3C-null cells. These elevated levels of EBNA3 regulated CDKl in cells
with non-functional EBNA3A and EBNA3C are consistent with the findings of Section 3.2.2 which
suggest a more extreme phenotype when both EBNA3A and EBNA3C are inactive. Here, reduced
proliferation and increased cell death was seen in EBNA3A/EBNA3C-null cells compared to cells where
EBNA3A or EBNA3C were independently inactive. It is likely the elevated levels of these cell cycle
regulatory factors and tumour suppressors in cells with non-functional EBNA3A and EBNA3C are
contributing to, if not responsible for, this phenotype.

The patterns of differential CDKI regulation during primary B cell infection where cells were
never exposed to functional EBNA3A or EBNA3C expression, were largely reflected following
inactivation of EBNA3A and EBNA3C in conditional LCLs (such as for p15™¥*°, p16'N42 p2 1 WAFL/CIPL gng
p57%"2), However, EBNA3A- and EBNA3C-mediated regulation of p18™* was only revealed by
analysing CD19*¢ cells during primary infection with the double conditional EBV virus. It seems
regulation of p18™* may become independent of EBNA3A and EBNA3C, in that it was not consistently
induced in conditional LCLs following inactivation of EBNA3A and EBNA3C. This contrasts with the
reliably reversible regulation of p15™¥**, p16/Nk42, p21WAFY/CPL 3nd p575P2in conditional LCLs. It is likely
other genes are regulated during primary infection in a similar manner to p18™¥, also leading to
largely irreversible repression in conditional LCLs. Regulation was therefore only revealed in
EBNA3A/EBNA3C-null cells rather than in LCLs with inactivated EBNA3A and EBNA3C. This
demonstrates the importance of assessing both cell populations. Differential gene regulation by

EBNAS3 proteins may be missed when solely using LCLs as a model of EBV infection, highlighting the
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importance of also assessing B cells during primary infection with EBV. Assessing both cell models will
aid identification of EBNA3A and EBNA3C target genes.

As EBV have been shown to transcriptionally regulate the INK4 protein family members
p15™NK4b 16Nk and p18'™NK4< it would also be of interest to investigate whether EBV is also targeting
the remaining INK4 family member p19™**d (Hirai et al., 1995). Furthermore, it is also likely EBV is
targeting other cell cycle regulatory factors such as those within the DDR pathways, as EBNA3C has
been shown attenuate this response by inhibition of CHK2 and ATM (Nikitin et al., 2010). Considering
EBV mediates regulation through transcriptional, translational and proteasomal mechanisms, these
cell cycle factors could be regulated by any of these EBV mediated processes. Further assessment of
cells with non-functional EBNA3A and EBNA3C would likely reveal further complexities of EBV-

mediated circumvention of cell cycle regulation.

3.4.3. Limits of reduced expression of modified EBNA3 proteins during ERT2

EBV infections

In interpreting results from cells infected with conditional EBV recombinant viruses, it must
be noted that the levels of EBNA3A, and to a lesser extent EBNA3C, are lower than in cells with
untagged WT EBNA3A or EBNA3C proteins (Figure 3.13). As EBNA3A and EBNA3C levels are lower in
cells infected with conditional virus compared to when they are untagged, the active EBNA3 state
(HT+) may be less repressive than WT. This could therefore result in less profound differential
regulation, making it harder to conclusively identify targets of these proteins. Furthermore, for the
gPCR analysis shown in this chapter, the CDKI mRNA levels are shown relative to those found in cells
with active conditional EBNA3 proteins. This normalisation strategy may be misrepresenting EBNA3A-
mediated regulation, as any changes in regulation may be from a lower base than from a WT infection,
due to the substantially lower levels of EBNA3A in conditional cells. Despite the benefits of using these

conditional systems, this highlights an inherent issue with using tagged proteins for analysis.
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3.5. Final conclusions

In conclusion, a recombinant EBV virus with conditional expression of EBNA3A and EBNA3C
was successfully constructed and validated. Using this double conditional virus, the results in this
chapter highlights the overlapping and individual functions of EBNA3A and EBNA3C. There are
extensive similarities and overlap in the functions of EBNA3A and EBNA3C, including shared target
genes. A more extreme phenotype occurs in the absence of both EBNA3A and EBNA3C, compared to
when they are individually inactive, with increased cell death and reduced proliferation. This indicates
non-redundant independent functions within transformation and viral persistence. This is reflected in
the regulation of CDKI, of which EBNA3A and EBNA3C co-operatively regulate. The highest levels of
p15'NK4 n16INK4a 59 JWAFL/CIPL and p57XP2 CDKIs were seen when both EBNA3A and EBNA3C were non-
functional, indicating only partial loss of regulation when either EBNA3A or EBNA3C are inactivated.
The use of this double conditional virus also revealed EBNA3A- and EBNA3C-mediated regulation of
p18'Nk4¥ however in contrast to the other CDKI analysed, either EBNA3A or EBNA3C seem sufficient
for repression. There were also inconsistencies in p18N* repression by EBNA3 proteins between
newly infected cells and conditional LCLs, indicating the regulatory mechanisms differ to that of other

CDKIs.
3.6. Remaining questions

There are still many unknowns regarding the combined and independent functions of the

EBNA3A and EBNA3C oncogenes and questions to be addressed, including:

1. Why are the functions of the related oncogenes EBNA3A and EBNA3C so overlapping, yet

distinct from the functionally divergent tumour suppressive activity of EBNA3B?
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2. What are the mechanisms responsible for EBNA3A- and EBNA3C-mediated repression of the
p18'Nk4? Why are there inconsistencies between newly infected cells and conditional LCLs?

(Addressed in Chapter 1V)

3. What are the mechanisms behind the apparent post-transcriptional regulation of p21WAFY/clP1

by EBNA3A and EBNA3C?

4. Do EBNA3A and EBNA3C restrain expression of other genes (such as those regulating the cell

cycle or the DDR pathways), of which loss of regulation is only notable when both EBNA3A

and EBNA3C are simultaneously non-functional?
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4. Chapter IV: EBNA3A and EBNA3C suppress the B cell to
plasma cell differentiation pathway during establishment

of EBV latency

4.1. Introduction

This chapter will focus on the roles of EBNA3A and EBNA3C in the B cell-to-PC differentiation
pathway. In the previous chapter | established that inactivation of EBNA3A and EBNA3C during
primary infection of B cells with EBV results in a marked increase in p18"™*4 expression, indicating a
regulatory role for these EBNA3 proteins. As discussed in Chapter |, aside from being a CDKI, p18'N*4¢
has also been linked with the B cell to PC differentiation pathway (Morse et al., 1997; Tourigny et al.,
2002). Considering B cells are the primary target of EBV and the viral life cycle is intricately linked to
that of B cell biology, EBNA3 mediated regulation of p18™* suggests EBNA3A and EBNA3C may play
a role within EBV-mediated circumvention of B cell differentiation pathways. Currently, the GC model
of EBV persistence suggests that upon primary infection of mature B cells, B cells are activated and
enter the GC where they further differentiate and exit the GC as MBCs latently carrying the viral
genome as episomes. It is unknown how the MBC pathway is favoured over the alternative PC
differentiation pathway during the GC reaction (see Chapter |, Section 1.1.3).

In order to determine whether EBNA3-mediated regulation of p18'N¢is linked to its role in
PC differentiation, the transcription factor BLIMP-1 was also chosen for further investigation as it is a
key transcriptional regulator required for the B cell to PC differentiation pathway (see Chapter |,
Section 1.1.4).

The majority of the results in this chapter have been published (Styles et al., 2017), and figures
have been taken or adapted from this publication as per the Creative Commons Attribution (CC BY

4.0) License (http://creativecommons.org/licenses/by/4.0/). Figures from this publication are

referenced accordingly.
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4.2. Results

4.2.1. EBNA3A and EBNA3C are required to prevent activation of CDKN2C
(p18'"Nk%) and PRDM1 (BLIMP-1) transcription after EBV infection

4.2.1.1. EBNA3-mediated regulation of PRDM1 (BLIMP-1) transcription resembles that of

CDKN2C (p18'Nkc)

EBNA3A and EBNA3C mediated regulation of CDKN2C (the gene encoding p18™¥4c as seen in
the previous chapter) was investigated further. CD19*¢ B cells were isolated from an independent
donor and infected with EBV recombinant viruses with conditional expression of EBNA3A (3AERT2),
EBNA3C (3CERT2), or conditional expression of both proteins (3A3CERT2). Cells were cultured for 30
days with or without HT and RNA samples harvested at 10, 15, 20 and 30 days pi for analysis by gPCR
analysis. There was little difference seen in the level of p18™* mRNA when EBNA3A was
independently functional (HT+) or non-functional (HT-, Figure 4.1A). Analysis of cells from the same
donor infected with 3CERT2 suggested that inactive EBNA3C (HT-) results in a small but sustained
increase in p18'N** mRNA expression (Figure 4.1C). These results were consistent and reproducible in
experiments with infection of primary B cells isolated from 3 independent donors (Figure 4.1D/E),
leading to the conclusion that inactivating EBNA3A independently has little effect on the expression
of p18N* mRNA whereas inactivating EBNA3C has a modest but sustained effect. Analysis of cells
from the same 3 independent donors infected with the double conditional 3A3CERT2 virus revealed
that when EBNA3A and EBNA3C were simultaneously non-functional (HT-) there was substantial
activation of p18'™N*¢ expression during the first 3 weeks of infection with recombinant EBV (Figure

4.1C/F). This further indicates EBNA3A- and EBNA3C-mediated regulation of CDKN2C.
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Figure 4.1. Activation of CDKN2C (p18"™¥) transcription is prevented by EBNA3A and EBNA3C.
CD19*¢ purified B cells were infected with 3AERT2 (A and D), 3CERT2 (B and E), or 3A3CERT2 (C and
F) recombinant EBV and cultured for 30 days with (+) or without (-) 4-hydroxytamoxifen (HT). RNA
samples were taken at the times indicated after infection and quantitative PCR (qPCR) analysis
performed. CDKN2C (p18™%4) relative mRNA expression was normalised to the endogenous control
GNB2L1 and fold change is shown relative to uninfected B cells at day 0. Error bars show the standard
deviation of qPCR triplicates for each sample. Analysis of HT (-) infected cells at later timepoints were
not always possible due to large amounts of cell death in the culture. Similar analysis from 2 additional
donors (D2 and D3) is shown for comparison (D, E, F) (Styles et al., 2017).

As p18'™N*¢ has been definitively linked with the B cell to PC differentiation pathway (see
Chapter I, Section 1.1.4), | next wanted to assess whether BLIMP-1, a key transcriptional regulator of
the PC pathway, was also a target of EBV. RNA isolated from the cells presented in Figure 4.1 were
analysed for BLIMP-1 mRNA expression by qPCR as before. This revealed that BLIMP-1 is regulated by
EBNA3 proteins in very similar manner to that of p18™4 (Figure 4.2), most notably in that
simultaneous inactivation of EBNA3A and EBNA3C results in a robust activation of BLIMP-1 mRNA
expression (3A3CERT2-, Figure 4.2C/F). This mirrors activation of p18™4c under the same conditions

and is consistent across multiple donors (Figure 4.1C/F). Non-functional EBNA3A has a modest but
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sustained effect with a small increase in BLIMP-1 mRNA (3AERT2-, Figure 4.2A/D), with inactivation of

EBNA3C resulting in modest donor dependent increases in BLIMP-1 mRNA (3CERT2-, Figure 4.2B/E).
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Figure 4.2. Activation of PRDM1 (BLIMP-1) transcription is prevented by EBNA3A and EBNA3C.
CD19*"¢ purified B cells were infected with 3AERT2 (A and D), 3CERT2 (B and E), or 3A3CERT2 (C and
F) recombinant EBV and cultured for 30 days with (+) or without (-) 4-hydroxytamoxifen (HT). RNA
samples were taken at the times indicated after infection and quantitative PCR (qPCR) analysis
performed. PRDM1 (BLIMP-1) relative mRNA expression was normalised to the endogenous control
GNB2L1 and fold change is shown relative to uninfected B cells at day 0. Error bars show the standard
deviation of qPCR triplicates for each sample. Analysis of HT (-) infected cells at later timepoints were
not always possible due to large amounts of cell death in the culture. Similar analysis from 2 additional
donors (D2 and D3) is shown for comparison (D, E, F) (Styles et al., 2017).

Similar analysis of the housekeeping gene ALAS1 was used as a negative control in the cells
presented in Figures 4.1/4.2 and showed no change in mRNA levels across the 30-day time course
(Figure 4.3A-C). As previously established in this thesis and widely reported within the literature,
p16'™*4a is regulated by EBNA3C and to a lesser extent EBNA3A, therefore regulation of the p16'N4
encoding gene CDKN2A acted as a positive control for EBNA3A- and EBNA3C-mediated gene

regulation. As expected, in these cells inactivation of EBNA3A resulted in a small increase in p16'N%4

191



mRNA, with EBNA3C inactivation or simultaneous inactivation of EBNA3A and EBNA3C leading to a

marked increase of p16™ 4 expression (HT-, Figure 4.3D-F).
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Figure 4.3. EBNA3A and EBNA3C repress CDKN2C (p16™**?) transcription but not ALAS1. CD19""¢
purified B cells were infected with 3AERT2 (A and D), 3CERT2 (B and E), or 3A3CERT2 (C and F)
recombinant EBV and cultured for 30 days with (+) or without (-) 4-hydroxytamoxifen (HT). RNA
samples were taken at the times indicated after infection and quantitative PCR (qPCR) analysis
performed. ALAS1 (A-C) and CDKN2A (p16'"**2, D-E) relative mRNA expression was normalised to the
endogenous control GNB2L1 and fold change is shown relative to uninfected B cells at day 0. Error
bars show the standard deviation of gqPCR triplicates for each sample. Analysis of HT (-) infected cells
at later timepoints were not always possible due to large amounts of cell death in the culture (Styles

et al., 2017).

To further assess EBNA3A and EBNA3C regulation of p18™¥4 and BLIMP-1 transcription, mRNA
levels were assessed in CD19*¢ primary B cells derived from 3 independent donors infected with the
triple knock-out virus (E3KO) in which the entire EBNA3 locus is deleted. This was compared with cells
infected with the WT lab strain, where all EBNA3 proteins are expressed. Regulation of p18'N*4 and

BLIMP-1 transcription in primary B cells infected E3KO was consistent in magnitude and kinetics with
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data from cells with conditionally inactive EBNA3A and EBNA3C (Figure 4.1/4.2), with a marked
increase in both p18™K4 and BLIMP-1 mRNA at 15-20 days pi when no EBNA3 proteins were expressed
(E3KO, Figure 4.4A/B). This further confirms that a combination of EBNA3 proteins (namely EBNA3A
and EBNA3C) is responsible for repression of p18™4cand BLIMP-1 transcription. As an EBNA3A and
EBNA3C target gene, p16™K* expression acted as a positive control for EBNA3-mediated gene

regulation (Figure 4.3C), with relative expression of the control housekeeping gene ALAS1 unaffected

by the absence of the EBNA3 proteins (Figure 4.4D).
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Figure 4.4. Activation of CDKN2C (p18"**) and PRDM1 (BLIMP-1) transcription is prevented by the
EBNAS3 proteins. CD19"¢ purified B cells from 3 independent donors (D1, D2, D3) were infected with
WT (B95.8 BAC) or EBNA3KO recombinant EBV and cultured for 30 days. RNA samples were taken at
the times indicated after infection and quantitative PCR (qPCR) analysis performed. CDKN2C (p18'NK4c,
A), PRDM1 (BLIMP-1, B), CDKN2A (EBNA3A/EBNA3C target control p16™*?, C) and ALAS1
(housekeeping gene control, D) relative mRNA expression was normalised to the endogenous control
GNB2L1 and fold change is shown relative to uninfected cells at day 0. Error bars show the standard
deviation of gPCR triplicates for each sample. Analysis of EBNA3KO cells at later time points was not
possible due to large amounts of cell death in the culture. [Published in part (Styles et al., 2017)].
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To determine whether EBNA3A- and EBNA3C-mediated transcriptional repression of CDKN2C
(p18'™NK4c) and PRDM1 (BLIMP-1) is reflected at a protein level, western blot analysis was performed.
Protein extracts were obtained from CD19*'¢ primary B cells derived from 2 independent donors (1°B
D1, 1°B D2) infected with recombinant EBV with conditional expression of EBNA3A and EBNA3C
(3A3CERT2) and cultured with (+) or without (-) HT for 20 days. Simultaneously inactive EBNA3A and
EBNA3C resulted in elevated levels of both p18N¥4 and BLIMP-1 protein in both donors and was
therefore consistent with EBNA3A- and EBNA3C-mediated transcriptional regulation of the genes
encoding p18™N¥4¢ and BLIMP-1 (Figure 4.5).

In conclusion, via the transcription factors EBNA3A and EBNA3C, EBV regulates both p18'Nk4¢
and BLIMP-1, two critical regulators of PC differentiation. This suggests a potentially pivotal role for

EBNA3A and EBNA3C in preventing the B cell to PC differentiation pathway.
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HT : + - + a
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Figure 4.5. Elevated mRNA levels of p18™¥* and BLIMP-1 in EBNA3A/EBNA3C-null cells are
consistent with protein levels. Expression of p18'N*, BLIMP-1 and p16'"**@ (EBNA3A/EBNA3C target
control) were shown by western blotting extracts from 3A3CERT2 infected CD19™¢ primary B cells
from 2 donors (1°B D1, 1°B D2) cultured with (+) or without (-) HT for 20 days. In each blot y-tubulin
was used as a loading control and was similarly consistent across all blots.
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4.2.1.2. Activation of EBNA3A and EBNA3C reverses activation of p18'V¥4 and BLIMP-1

transcription during primary B cell infection with EBV

Non-functional EBNA3A and EBNA3C results in elevated levels of p18™* and BLIMP-1
transcription. Therefore, the ability of EBNA3A and EBNA3C to restrain the activation of p18™*“and
BLIMP-1 transcription was investigated by activating the conditional EBNA3A and EBNA3C proteins
during primary B cell infection.

To determine this, an experiment was performed using CD19*¢ B cells derived from a single
donor infected with 3A3CERT2 recombinant EBV in which both EBNA3A and EBNA3C were expressed
conditionally. Cells were either continuously grown in the absence (-) or presence of the activating
ligand HT (+), or cells were initially grown without HT then HT added at either 4, 8 or 12 days pi and
then cultured continuously with HT from this point onwards (ADD) to activate functional expression
of EBNA3A and EBNA3C. Messenger RNA samples were taken every 4 days and expression of p18'N<4¢
and BLIMP1-1 mRNA was quantified by gPCR.

When EBNA3A and EBNA3C were activated at 4 days pi, BLIMP-1 mRNA levels rose initially
over the first 12 days but then dropped to levels consistent with cells with continuously active EBNA3A
and EBNA3C. In contrast, p18™%* mRNA levels did not rise when HT was added at this time point and
levels remained consistent with cells with constitutively active EBNA3A and EBNA3C. Activation of
EBNA3A and EBNA3C at 8- and 12-days pi led to repression of p18™¥4 (with reducing mRNA levels) but
it appeared to take 10-15 days for levels to reduce to near that of cells with continuously functional
EBNAS3 proteins (Figure 4.6E/1). This is similar to BLIMP-1 repression, whereby activation of EBNA3A
and EBNA3C at 8- or 12-days pi resulted in a reduction of BLIMP-1 mRNA to levels consistent to cells
with continuously active EBNA3 proteins after 10-15 days (Figure 4.6F/J). This mirrored repression of
p16™*42 in the same cells under the same conditions (Figure 4.6G/K). Expression of the control
housekeeping gene ALAS1 was unaffected by the changes in EBNA3A and EBNA3C functionality (Figure

4.6D/H/L).
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In conclusion, expression of both p18™4c and BLIMP-1 mRNA is repressed by the activation of
EBNA3A and EBNA3C during primary B cell infection, further confirming EBV-mediated regulation of

these PC differentiation associated factors.

3A3CERT2, HT added at day 4 post infection

Days post infection

Days post infection
o~ HT(+)

Days post infection
-%- HT(-} — ADD

A B Cc D
pglNKde BLIMP-1 pigiNKda ALAST
204 504 B4 20
5 5 5 5
151 f 240 2 6 ] ® 154
0 ; 7] . ] a / 7]
e / 2 3p4 x s / £
=3 ! S / 3 / a
% 10{ADD 4 I3 o u’j 44 app_. 2 * 10
w / w, | ! b w
< ¢ < 2000 < E;’ g |ARD
g 5 Z 0] |/ & 2] 2 5|
£ E 101 £ 3 [ M—a:_‘
0 T T . ) 0 T T T . 0 T T T 1 0 T T T !
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Days post infection Days post infection Days post infection Days post infection
- HT(+) -= HT() -~ ADD
3A3CERT2, HT added at day 8 post infection
E F G H
p1gINKac BLIMP-1 pl6INKaa ALAS1
204 50 8- ADD 204
5 | aw 5 | o0 s |} 5
® 15 @ - @ 6 o 151
@ o | @ @
-4 g 307 . 5 a
g0 /) g1 ge g
= << i =
z 5 2 - 25 4
E E " £ B Letrsdaga—"
0 ————— 0 — 0 0 —_—
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40 0 10 20 30 40
Days post infection Days post infection Days post infection Days post infection
- HT(+) —= HT{() — ADD
3A3CERT2, HT added at day 12 post infection
I J K L
BLIMP-1 p1giNKda ALAS1
ADD -
20 501 "L, .8
c 13 =)
.2 .E 40_ ——
" 154 g % 6
$ g " ¢
& g3 7 g
101 gl f o 4
2 3 / g
5 1 24
g gy £
0 T T T ) 0 T T T 1 0
0 10 20 30 40 0 10 20 30 40 0 10 20 30 40

Days post infection

Figure 4.6. Elevated transcription of CDKN2C (p18™**) and PRDM1 (BLIMP-1) in 3A3CERT2 infected
primary B cells is reversed by activation of EBNA3A and EBNA3C. CD19*'¢ purified B cells from 1
independent donor were infected with 3A3CERT2 recombinant EBV and cultured for 30 days with 4-
hydroxytamoxifen (HT) continuously (+), without HT (-), or HT was added after 4, 8 or 12 days (ADD)
as indicated. CDKN2C (p18™¥“<; A, E and 1), PRDM1 (BLIMP-1; B, F and J), CDKN2A (EBNA3A/EBNA3C
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target gene control; p16™*2; C, G and K) and ALAS1 (control housekeeping gene; D, H and L) relative
mMRNA expression was normalised to the endogenous control GNB2L1 with fold change shown relative
to uninfected B cells at day 0. Error bars show the standard deviation of gPCR triplicates for each
sample. Analysis of HT (-) at later time points was not possible because of large amounts of cell death
in the culture. One representative example from two independent CD19*¢ cell donors analysed.

4.2.1.3. EBNA3A and EBNA3C mediated repression of p18"N*4c and BLIMP-1 becomes

irreversible in primary B cells early after infection
It has been previously established by the Allday Laboratory and others that the genes
encoding p15™** (CDKN2B) and p16™%* (CDKN2A) are reversibly regulated by EBNA3A and EBNA3C.
In conditional EBNA3A and EBNA3C cell lines, inactivation of EBNA3A and EBNA3C by removal of the

activating ligand HT from the growth medium results in the reversal of EBNA3-mediated repression of

5INK4b 6INK4a

pl and pl , resulting in elevated mRNA and protein levels (Skalska et al., 2010, 2013; Styles
et al., 2017). Reversible transcriptional regulation of the EBNA3A target STK39 (Bazot et al., 2018),
EBNA3C target genes including COBLL1 and AICDA (Kalchschmidt et al., 2016a, 2016b) and combined
EBNA3A and EBNA3C target genes including BIM (Paschos et al., 2012) has also been demonstrated.
Therefore, the reversibility of EBNA3A- and EBNA3C-mediated transcriptional repression of p18'Nk4c
and BLIMP-1 in LCLs was investigated.

LCLs derived from 3 independent donors with conditional expression of both EBNA3A and
EBNA3C were assessed. Cells from the independent donors were infected with 3A3CERT2
recombinant EBV and grown continuously with HT for approximately 2 months (HT+), then half of the
cells were washed and re-cultured in fresh media without HT (WASH) for 30 days, RNA and proteins
samples were then harvested. In contrast to p16'"™%* where expression was de-repressed by 30 days
without HT (Figure 4.7A), gPCR analysis of the same cells reproducibly showed no increase in either
p18'NK4 or BLIMP-1 mRNA expression when EBNA3A and EBNA3C were inactivated for 30 days. This
suggests repression of these 2 loci is not reversible under the same conditions, in contrast to CDKN2A

and other EBNA3 target genes. Expression of the control housekeeping gene ALAS1 was unaffected

by inactivation EBNA3A and EBNA3C (Figure 4.7D). Western blot analysis of these cells confirmed the
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same trend in p18™*4c and BLIMP-1 expression at the protein level, with no increase in p18™* or

BLIMP-1 expression when EBNA3A and EBNA3C were non-functional for 30 days (Figure 4.7E).
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Figure 4.7. Repression of p18"NK‘ and BLIMP-1 transcription is not reversible by inactivating
EBNA3A/EBNA3C in newly established conditional LCLs. Newly established 3A3CERT2 cell lines
(approximately 2 months post infection) derived from 3 independent donors (LCL D1, LCL D2, LCL D3)
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were cultured with (+) or washed and grown without (W) 4-hydroxtamoxifen (HT) for 30 days. Analysis
of expression of CDKN2A (EBNA3A/EBNA3C target gene control; p16'™?; A), CDKN2C (p18'NK4c; B),
PRDM1 (BLIMP-1; C) and ALAS1 (control housekeeping gene; D) mRNA was performed by quantitative
PCR (gPCR) and relative mRNA expression was normalised to the endogenous control GNB2L1, with
fold change shown relative to LCLs grown with (+) HT. Error bars indicate the standard deviation of
gPCR triplicates for each sample. (E) Western blotting extracts of the same cells show expression of
EBNA3A, EBNA3C, p18™4 BLIMP-1 and p16™**. In each blot y-tubulin was used as a loading control
and was similarly consistent across all blots. (Styles et al., 2017).

In contrast to the previous results, assessing established 3A3CERT2 LCLs which had been
cultured in the continual presence of HT for over 6 months gave different results. Mirroring the data
from newly established 3A3CERT2 conditional LCLs, repression of p18™*4c expression was maintained
when EBNA3A and EBNA3C were inactivated by the removal of HT from long established 3A3CERT2
conditional LCLs for 30 days (W, Figure 4.8B). However, inactivation of EBNA3A and EBNA3C in these
longer established LCL resulted in an increase in BLIMP-1 mRNA expression, mirroring the reversible
regulation of p16™*4? (Figure 4.8A/C).

Western blot analysis of the same cells confirmed the trend in p18"** and BLIMP-1 mRNA
expression. Elevated BLIMP-1 protein levels were seen following inactivation of EBNA3A and EBNA3C
for 30 days, but the level of p18™K“c remained consistent regardless of EBNA3A and EBNA3C
inactivation (Figure 4.8E). Taken together, these data suggest that, although BLIMP-1 may be
reversibly regulated in established LCLs (cultured for over 6 months), this is not the same as newly
established LCLs (cultured for 2 months) where it is irreversibly regulated. This suggests differential
regulation to of p16™*? (reversibly regulated under both conditions) and p18™¥4 (irreversibly

regulated under both conditions).
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Figure 4.8. Repression of BLIMP-1, but not p18"NK‘, becomes reversible by inactivating
EBNA3A/EBNA3C in well-established conditional LCLs. 3A3CERT2 cell lines established for 6 months
derived from 3 independent donors (LCL D1, LCL D2, LCL D3) were cultured with (+) or washed and
grown without (W) 4-hydroxtamoxifen (HT) for 30 days. Analysis of expression of CDKN2A
(EBNA3A/EBNA3C target gene control; p16'N%%2; A), CDKN2C (p18'"N*4; B), PRDM1 (BLIMP-1; C) and
ALAS1 (control housekeeping gene; D) mRNA was performed by quantitative PCR (gPCR) and relative
MRNA expression was normalised to the endogenous control GNB2L1, with fold change shown relative
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to LCLs grown with (+) HT. Error bars indicate the standard deviation of gPCR triplicates for each
sample. (E) Western blotting extracts of the same cells show expression of EBNA3A, EBNA3C, p18'N,
BLIMP-1 and p16™“2, In each blot y-tubulin was used as a loading control and was similarly consistent
across all blots.

To further investigate the irreversible regulation of p18'*4 and BLIMP-1 in newly established
LCLs, the time frame of irreversible repression occurrence within primary B cell infection with EBV was
assessed. CD19™¢ cells were infected with 3A3CERT2 conditional recombinant EBV and cultured with
(+) or without (-) the activating ligand HT from the time of infection. HT was then washed out from
the culture medium at 4, 8 or 12 days pi (WASH). mRNA samples were harvested every 4 days and
gPCR analysis performed. When cells were grown in the presence of HT for 8 days pi then EBNA3A
and EBNA3C inactivated by washing repression of p18™N4 and BLIMP-1 was no longer reversible, with
MRNA levels remaining similar to that of cells where EBNA3A and EBNA3C were constitutively
expressing (Figure 4.9E/F). This was consistent in data from cells where HT was washed out at 12 days
pi, mirroring the results in newly established LCL (Figure 4.91/J). By 8-12 days pi, cells appear to be
committed to continual proliferation rather than differentiation, regardless of EBNA3 functionality.
When HT was removed from the culture medium at 4 days pi there was an intermediate level of
p18Nk4c and BLIMP-1 mRNA expression compared to cells continuously grown in the absence of
functional EBNA3 proteins. This demonstrates partial activation of p18'**¢ and BLIMP-1, suggesting
EBNA3A and EBNA3C act earlier in some cells (Figure 4.9A-D). Expression of the control housekeeping
gene ALASI was unaffected by the differing functionality of EBNA3A and EBNA3C (Figure 4.9D/H/L),
and as expected p16'** was reversibly regulated under all conditions (Figure 4.9C/G/K).

These data indicate that irreversible regulation of p18™*4, and initially irreversible regulation
of BLIMP-1 mediated by EBNA3A and EBNA3C occurs within 8-12 days of primary B cell infection with

recombinant EBV.
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Figure 4.9. Repression of p18™* and BLIMP-1 transcription occurs early after infection with EBV.
CD19*¢ purified B cells from 1 independent donor were infected with 3A3CERT2 recombinant EBV and
cultured for 30 days with 4-hydroxytamoxifen (HT) (+), without HT (-), or HT was removed after 4,8,12
or 16 days (WASH) as indicated. RNA samples were taken at the times after infection indicated and
quantitative PCR (qPCR) analysis performed. CDKN2C (p18™N¥<; A, E, 1 and M), PRDM1 (BLIMP-1; B, F,
J and N), CDKN2A (p16™¥2; C, G, K and O) and ALAS1 (control housekeeping gene; D, H, L and P)
relative mRNA expression was normalised to the endogenous control GNB2L1 with fold change shown
relative to uninfected B cells at day 0. Error bars show the standard deviation of qPCR triplicates for
each sample. Analysis of HT (-) and day 4 washed cells at later time points was not possible because
of large amounts of cell death in the culture. One representative example from three independent
CD19*¢cell donors analysed. [Published in part (Styles et al., 2017)].
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4.2.2. EBNA3A/EBNA3C-null EBV infected primary B cells express a plasma-
cell like phenotype

4.2.2.1. Expression of pl18N< and BLIMP-1 in EBNA3A/EBNA3C-null cells is
physiologically comparable to the levels found in two PC models

Since expression of both p18™¥4c and BLIMP-1 is elevated in cells where EBNA3A and EBNA3C
are non-functional, and both are associated with the PC differentiation pathway, the levels of p18'N*4
and BLIMP-1 in EBNA3A/EBNA3C-null cells was compared to the physiological level found in 2 PC
models. The first model utilized CD19*'¢ primary B cells isolated from 2 independent donors (PC1, PC2)
which were incubated with CD40-L and IL21 for 7 days to induce PC differentiation [as described in
(Deenick et al., 2013)]. Secondly, the myeloma/plasmacytoma-derived cell line U266 (lkeyama et al.,
1986) was used as a PC model as multiple myeloma cell lines are neoplasms arising from terminally
differentiated PCs. It must be noted that there are limits to these models in comparison to true in vivo
PC. In vitro induced differentiation of PC occurrs in only a subset of cells, with the absence of T cells
and a GC reaction leading to short-lived PC rather than long lived PC (Deenick et al.,, 2013).
Furthermore, U266 is a cancer cell line therefore contains aberrant mutations facilitating continuous
proliferation not found in true in vivo PCs.

Expression of p18™%* and BLIMP-1 mRNA was assessed in these PC systems and compared to
those in CD19**¢ cells (isolated from 3 independent donors; D1, D2, D3) infected with 3A3CERT2
recombinant EBV, and cultured with (+) or without HT (-) for 20 days. RNA was extracted and gPCR
analysis performed.

The level of p18™c mRNA in EBNA3A/EBNA3C-null cells was generally higher than those in
CD19*"¢ cells after 7 days induction of PC differentiation. In contrast, depending on the donor, the
level in EBNA3A/EBNA3C-null cells were generally lower than the level in the U266 cell line (Figure
4.10A). Within the confines of the PC models, in which the levels of p18'N** mRNA expression differed,

the level of p18"™¥4in EBNA3A/EBNA3C-null cells could be considered sufficient for PC differentiation.
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BLIMP-1 mRNA levels were comparable (or higher depending on the donor) to CD19*"¢ in vitro
induced PCs and far exceed the level in U266 cells across all donors (Figure 4.10B). It can therefore be
concluded that the elevated levels of the PC differentiation factor BLIMP-1, induced in EBV infected
cells with non-functional EBNA3A and EBNA3C, are comparable to physiological levels found in the 2
PC models assessed. This suggests the level of p18™¥4 and BLIMP-1 in EBNA3A/EBNA3C-null cells could

be considered appropriate to drive PC differentiation.
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Figure 4.10. Expression of PC differentiation associated factors in EBNA3A/EBNA3C-null cells and PC
models. RNA samples were taken from U266 cells, CD19**¢ purified B cells from 2 donors at day 0 (d0)
and 7 days post induction (d7) with CD40-L/1L21 (PC1, PC2), and from CD19*® purified B cells from 3
independent donors (D1, D2, D3) infected with 3A3CERT2 recombinant EBV and grown for 20 days
with (+) or without (-) HT, and gPCR performed. (A) CDKN2C (p18™*4¢) and (B) PRDM1 (BLIMP-1) mRNA
expression was normalized to the endogenous control GNB2L1 with fold change shown relative to D1
grown with HT (+) 0. Error bars show the standard deviation of qPCR triplicates for each sample.

[Published in part (Styles et al., 2017)].

4.2.2.2. BLIMP-1 target genes are differentially expressed in EBNA3A/EBNA3C-null cells
Since EBNA3A and EBNA3C regulate the PC differentiation transcriptional regulator BLIMP-1,
differential expression of BLIMP-1 target genes was assessed in cells with non-functional EBNA3A and
EBNA3C to determine whether the elevated levels of BLIMP-1 were functional. SPIB and LMO?2 are
transcriptionally repressed by BLIMP-1, and XBP1 is transcriptionally activated by BLIMP-1 (Cubedo et

al., 2011; Minnich et al., 2016; Schmidlin et al., 2008). CD19*'¢ primary B cells were isolated from a
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single donor and infected with 3A3CERT2 recombinant EBV and then cultured with (+) or without HT
(-), or infected with WT or infected with E3KO (EBNA3 locus deleted) and cultured for 30 days. From
10 days pi mRNA samples were harvested at 5 days intervals and expression of BLIMP-1 target genes
quantified by RT-gPCR over the first 30 days of infection.

Consistent with progressively elevated levels of functional BLIMP-1 between 10-25 days pi in
cells with inactive EBNA3A and EBNA3C (3A3CERT2-), transcription of the BLIMP-1 repressed genes
SPIB and LMO2 was concurrently substantially reduced over this time frame (Figure 4.11A/C/E). This
indicates that the BLIMP-1 activated by EBV infection with non-functional EBNA3A and EBNA3C has
retained its repressive functions. Furthermore, mRNA levels of the BLIMP-1 activated gene XBP1
progressively increased over the time frame when EBNA3A and EBNA3C were non-functional in
parallel with progressively elevated levels of BLIMP-1, demonstrating transcriptional activation by
BLIMP-1 is sustained in these cells (Figure 4.11G). This phenotype was mirrored in cells where the
entire EBNA3 locus has been deleted (E3KO) compared to cells expressing all EBNA3 proteins (WT,

Figure 4.11B/D/F/H).
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Figure 4.11. Differential expression of BLIMP-1 target genes in EBNA3A/EBNA3C-null cells following
primary B cell infection. CD19*"¢ purified B cells were infected with 3A3CERT2 recombinant EBV and
cultured with (+) or without (-) HT (A/C/E/G) for 30 days, or EBNA3 KO (E3KO) and ‘WT’ (B95.8-BAC)
(B,D,F,H) and cultured for 30 days. RNA samples were taken at the times after infection indicated and
gPCR analysis performed. PRDM1 (BLIMP-1; A and B), SPIB (C and D), LMO2 (E and F) and XBP1 (G and
H) relative mRNA expression was normalised to the endogenous control GNB2L1 and fold change is
shown relative to uninfected B cells at day 0. Error bars show the standard deviation of qPCR triplicates
for each sample. Analysis of HT (-) infected cells at later time points was not possible because of large
amounts of cell death in the culture. (Styles et al., 2017).

Elevated transcription of XBP1, and repression of SPIB and LMO2, was consistent across cells
derived from 3 independent donors infected with 3A3CERT2 recombinant EBV when cultured in the
absence (-) of HT for 20 days (Figure 4.12). Furthermore, when EBNA3A and EBNA3C are inactivated,
levels of SPIB and LMO2 approached those seen in the PC model U266 (Figure 4.12A/B), whereas the
level of XBP-1 mRNA in U266 cells is comparable to cells with functional EBNA3A and EBNA3C and far

exceeds the level in U266 cells when EBNA3A and EBNA3C are inactive (Figure 4.12C). This indicates

that the elevated levels of BLIMP-1 in EBNA3A/EBNA3C-null cells are transcriptionally functional.
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Figure 4.12. Expression of BLIMP-1 target genes in XBP-1, SPIB and LMO2 and in EBNA3A/EBNA3C-
null cells and the plasmacytoma-derived cell line U266. RNA samples were taken from U266 cells and
CD19*™¢ purified B cells from 3 independent donors (D1, D2, D3) infected with 3A3CERT2 recombinant
EBV and grown for 20 days with (+) or without (-) 4-hydroxtamoxifen (HT), and quantitative PCR (qPCR)
performed. SPIB (A) LMO2 (B) and XBP-1 (C) mRNA expression was normalized to the endogenous
control GNB2L1 with fold change shown relative to D1 grown with HT (+) 0. Error bars show the
standard deviation of qPCR triplicates for each sample. (Published in part (Styles et al., 2017).
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Aside from the transcriptional regulator BLIMP-1, IRF4 is another major transcription factor
implicated in the PC differentiation pathway [see Chapter I, Section 1.1.4, (Nam and Lin, 2016)]. In
contrast to BLIMP-1, IRF4 levels are unaffected by the functionality of EBNA3A and EBNA3C. Western
blotting extracts from CD19*¢ B cells infected with 3A3CERT2 recombinant EBV and cultured with (+)
or without HT (-) for 20 days, alongside 3A3CERT2 conditional LCLs cultured with (+) or washed and
grown without HT (W) for 30 days demonstrated consistent IRF4 levels irrespective of addition of HT
and EBNA3 functionality. Levels in both newly infected cells and LCLs were comparable to the PC
model U266 (Figure 4.13).

Together this data shows that the BLIMP-1 induced by EBV infection where EBNA3A and
EBNA3C are non-functional is transcriptionally functional, and maintains its suppressive and activation
transcriptional functions. Furthermore, the levels of the PC differentiation factors XBP-1, SPIB, LMO2

and IRF4 in EBNA3A/EBNA3C-null cells were comparable to levels in the PC model U266.
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Figure 4.13. IRF4 protein levels are not affected by EBNA3A/EBNA3C functionality. Expression of
IRF4 shown by western blotting extracts from 3A3CERT2 infected CD19*¢ primary B cells from 2
donors (1°B D1, I'B D2) grown with (+) or without (-) HT for 20 days and 3A3CERT2 conditional LCLs
from 2 donors (LCL D1, LCL D2) grown with HT (+) or washed and grown without HT for 30 days
(W). An extract from the myeloma/plasmacytoma cell line U266 is shown for comparison. In each blot
y-tubulin was used as a loading control and was similarly consistent across all blots. (Styles et al.,
2017).

4.2.2.3. EBNA3A/EBNA3C-null cells express elevated levels of PC surface markers

With regards to the PC differentiation associated factors described above, EBNA3A/EBNA3C-
null cells express a transcriptional profile similar to that of PCs. Therefore, the PC surface phenotype

of CD19*"¢ B cells infected with 3A3CERT2 with inactive EBNA3A and EBNA3C was investigated further
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and the presence of PC surface markers was assessed by flow cytometry. Expression of CD138
(Syndecan-1) and elevated CD38 levels, alongside absence or down-regulation of CD20 and expression
of CD27 are considered to be the defining characteristics of PCs. Expression of these markers was
therefore used to characterise a PC phenotype in EBV infected cells.

Following infection of CD19*'¢ primary B cells with 3A3ERT2 recombinant for 20 days pi,
approximately 20% of cells with non-functional EBNA3A and EBNA3C could be described as exhibiting
a PC-like phenotype, characterised by high levels of CD38 and expression of CD138 (Figure 4.14A).
However, there is a distinct shift in expression of CD38 in the majority of cells with inactive EBNA3A
and EBNA3C (HT-), compared to when the proteins are functional (HT+). This indicates that many cells
with inactive EBNA3A and EBNA3C were responding to increases in expression of the PC
differentiation associated factors p18™¥4 and BLIMP-1 and are potentially progressing along a PC-like
differentiation pathway, however cannot yet be considered PC-like.

Alongside CD38 and CD138, there was also a shift in expression of CD27 with elevated levels
in cells with inactive EBNA3A and EBNA3C, with levels exceeding that in U266 cells (Figure 4.14D).
Furthermore, there was a reduction in CD20 expression in cells with non-functional EBNA3A and
EBNA3C, approaching levels seen in the PC model U266 (Figure 4.14E). Cells with reduced CD20 likely
correspond to those exhibiting a PC phenotype when characterised by CD138 expression and high
levels of CD38. The phenotypic analysis of cell surface markers shows that in the absence of EBNA3A
and EBNA3C, concurrent with elevated levels of PC differentiation associated factors, EBV-infected
cells express an increasingly PC-like phenotype. This further indicates EBNA3A and EBNA3C are

functioning to prevent PC differentiation following infection of primary B cells by EBV.
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Figure 4.14. Flow cytometric analysis shows a plasmablast/PC-like phenotype in EBNA3A/EBNA3C-
null cells. U266 cells (black) and CD19*"¢ purified B cells infected with 3A3CERT2 recombinant EBV and
cultured with (+, blue) or without (-, red) HT for 20 days, were analysed for CD138, CD38, CD27 and
CD20 expression by flow cytometry. (A) Contour plots show CD38 and CD138 surface expression, the

guadrant value represents the percentage of live single cells expressing both markers, mean

percentage of CD138* and CD38"¢" cells from 2 independent donors are also shown. Histograms show
expression of CD138 (B), CD38 (C), CD27 (D) and CD20 (E) and corresponding mean fluorescence
intensity of positive cells from 2 independent donors. Error bars show standard deviation from the 2

donors. Histograms and contour plots shown are one representative example from two independent

experiments (Styles et al., 2017).
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4.2.2.4. EBNA3A/EBNA3C-null cells express elevated immunoglobulin levels

Considering EBV infected cells with non-functional EBNA3A and EBNA3C express a PC-like
phenotype, concurrent expression of Ig was assessed by flow cytometry. CD19*¢ primary B cells
treated with CD40-Ligand and IL21 for 7 days in vitro to induce PC differentiation were used a positive
control for expression of Ig. Cells with inactive EBNA3A and EBNA3C at 20 days pi with 3A3CERT2
recombinant EBV exhibited a distinct shift in expression of 1gG compared to cells with functional
EBNAS3 proteins. 1gG expression in approximately 20% of cells with inactive EBNA3A and EBNA3C
reached that of the CD40-L/IL21 treated induced PCs, corresponding to the 20% of cells with inactive
EBNA3A and EBNA3C exhibiting a PC phenotype (Figure 4.15A). In addition, there was also a shift in
IgM expression, with elevated levels in all cells with non-functional EBNA3A and EBNA3C with levels
exceeding those in CD40-L/1L21 treated induced PCs (Figure 4.15B). Alongside PC surface markers,
expression of Ig in EBV infected cells in the absence of EBNA3A and EBNA3C further indicates a role

for EBNA3 proteins in suppression of the PC differentiation pathway.
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Figure 4.15. Primary B cells infected with 3A3CERT2 recombinant EBV express IgG and IgM. CD19*"¢
purified B cells were infected with 3A3CERT2 recombinant EBV and cultured with (+, blue) or without
(-, red) 4-hydroxtamoxifen (HT) for 20 days, then analysed for IgG and IgM expression by flow
cytometry. Histograms show expression of 1gG (A) and IgM (B) alongside corresponding mean
fluorescence intensity of positive cells from 2 independent donors. PCs induced in vitro with CD40-
ligand/IL21 were used as a control (orange). Error bars show standard deviation from 2 donors.

Histograms shown are one representative example from two independent experiments (Styles et al.,
2017).
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4.2.3. Lytic cycle reactivation is not evident in EBNA3A/EBNA3C-null cells

The current GC model of EBV persistence suggests that the differentiation of latently infected
MBC to PC is coupled with activation of the viral lytic cycle, with EBV replication demonstrated in rare
cells during PC differentiation in the tonsils of healthy carriers (Laichalk and Thorley-Lawson, 2005).
As it is suggested that PC differentiation of EBV infected cells results in lytic virus production, evidence
of this process was assessed in cells with non-functional EBNA3A and EBNA3C which exhibit a PC-like
phenotype.

Expression of mRNA of the lytic switch protein BZLF1 was assessed by qPCR in CD19*¢ B cells
purified from 4 independent donors (D1, D2, D3, D4) infected with 3A3CERT2 recombinant EBV and
cultured with (+) or without HT (-) for 20 days. Although it could be predicted that BZLF1 would be
activated concurrently with p18™N¥4 and BLIMP-1 transcription, no consistent correlation is seen in
BZLF1 mRNA expression when EBNA3A and EBNA3C were inactive or active (Figure 4.16). Western
blot analysis of protein extracts from CD19*¢ B cells purified from 4 independent donors (1°B D1, 1°B
D2, 1°B D3, 1°B D4) infected with 3A3CERT2 recombinant EBV and cultured with or without HT for 20
days did not reveal expression of the lytic protein BZLF1 despite the presence of BZLF1 mRNA.
Furthermore, expression of the EBV lytic proteins BALF5 or p18-VCA was also not seen in cells with
either active or inactive EBNA3A or EBNA3C (Figure 4.17). Despite exhibiting a PC-like phenotype, no

evidence of Iytic cycle activation was seen in cells with non-functional EBNA3A and EBNA3C.
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Figure 4.16. Evidence of activation of BZLF1 transcription is inconclusive in 3A3CERT2 infected cells.
RNA samples were taken from CD19*'¢ purified B cells from 4 independent donors (D1, D2, D3, D4)
infected with 3A3CERT2 recombinant EBV and grown for 20 days with (+) or without (-) HT, and qPCR
performed. BZLFI mRNA expression was normalized to the endogenous control GNB2L1 with fold
change shown relative to uninfected cells grown with HT. Error bars show the standard deviation of
gPCR triplicates for each sample.
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Figure 4.17. Lytic protein activation is not evident by western blot in 3A3CERT2 infected primary B
cells. Expression of BZLF1, BALF5 and p18-VCA were demonstrated by western blotting extracts from
a lytic control (293 virus producer cell line) and CD19*"¢ purified B cells from 4 independent donors
(D1, D2, D3, D4) infected with 3A3CERT2 recombinant EBV and cultured with 4-hydroxytamoxifen (HT)
(+) or without (-) for 20 days. y-tubulin was used as a loading control and was similarly consistent

across all blots.

4.3. Summary

The results in this chapter provide a clear link between the EBV oncogenic transcription factors
EBNA3A and EBNA3C, and the suppression of a transcription programme that results in the

differentiation of B cells toward the phenotype of a terminally differentiated PC.
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Inactivation of EBNA3A and EBNA3C through the use of the conditional 3A3CERT2
recombinant EBV virus resulted in elevated mRNA and protein levels of the CDKI and B cell
differentiation factor p18™*4, and the major PC differentiation transcriptional regulator BLIMP-1.
Expression of p18™4c and BLIMP-1 in these cells could be restrained by the activation of EBNA3A and
EBNA3C further indicating EBNA3A- and EBNA3C-mediated regulation of p18™*¢ and BLIMP-1.
Interestingly, inactivating EBNA3A and EBNA3C in newly established conditional LCLs did not result in
loss of p18™N¥4c and BLIMP-1 repression, in contrast to the reversible repression of other EBNA3 target
genes. Furthermore, repression of p18"N*¥¢ and BLIMP-1 by EBNA3A and EBNA3C was shown to be
established by 8 days pi. However, in LCLs grown in prolonged culture for over 6 months, inactivation
of EBNA3A and EBNA3C led to an increase in BLIMP-1, but not p18'N4c, Together this indicates EBNA3A
and EBNA3C are regulating transcription of p18"** and BLIMP-1, but by mechanisms independent of
each other, and to other established EBNA3 target genes.

The levels of p18™k4 and BLIMP-1 in EBNA3A/EBNA3C-null cells was largely comparable to
those found in two PC models, indicating these levels would be sufficient to drive PC differentiation.
In addition, BLIMP-1 target genes responded accordingly to the increased levels of BLIMP-1 in cells
with non-functional EBNA3A and EBNA3C. Elevated levels of the PC differentiation factors p18'N4c and
BLIMP-1 in EBNA3A/EBNA3C-null cells corresponded with phenotypic expression of cell surface
markers characteristic of PCs including CD138 and CD38, as well as elevated Ig production. However,
although reactivation of the EBV lytic cycle is thought to occur following the differentiation of PC from
latently infected MBC, no evidence of increased expression of EBV lytic genes were identified in

EBNA3A/EBNA3C-null cells undergoing differentiation characteristic of PC.

4.4. Discussion

4.4.1. EBNA3A- and EBNA3C-mediated repression of p18'N*4¢ and BLIMP-1

Deletion or biochemical inactivation by manipulation of the EBNA3A and EBNA3C genes in

recombinant EBV viruses used to infected in CD19*'¢ primary B cells, reveals that EBNA3A and EBNA3C
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both repress activation of the CDKI and PC differentiation factor p18'** (encoded by CDKN2C) and
the master regulator of PC differentiation BLIMP-1 (encoded by PRDM1) (Figures 4.1, 4.2 and 4.4).
Activation of EBNA3A and EBNA3C in EBNA3A/EBNA3C-null cells by addition of the activating ligand
HT at 4, 8 and 12 days pi restrains activation of p18™c and BLIMP-1 transcription (Figure 4.6).
Furthermore, the repression of p18™K4 and BLIMP-1 did not require continuous expression of EBNA3A
and EBNA3C and repression becomes independent of EBNA3A and EBNA3C by 8 days pi with EBV
(Figure 4.9).

Following the result that EBNA3A and EBNA3C repress activation of both p18™N¥4 and BLIMP-
1, a recent ChIP-seq analysis performed on LCLs by Dr Paschos was interrogated. This revealed that
EBV-recombinants expressing epitope-tagged EBNA3A or EBNA3C bind multiple sites on chromatin
across the CDKN2C (p18'™%4¢) and PRDM1 (BLIMP-1) loci notably at regulatory elements, indicating that
EBNA3A and EBNA3C play a direct repressive role and p18™“and BLIMP-1 (Styles et al., 2017). The
targeting of EBNA3A and EBNA3C to regulatory elements within the CDKN2C and PRDM1 loci was
confirmed by ChIP-qPCR, where EBNA3A/EBNA3C-induced deposition of the repressive histone mark
H3K27me3, catalysed by the EZH2 subunit of the PRC2 complex, was confirmed (Styles et al., 2017).
This method of transcriptional repression is also seen in EBNA3A- and EBNA3C-mediated repression
of the pro-apoptotic factor BCL2L11 (BIM) and the CKDIs CDKN2A (p16™*4?) and CDKN2B (p15™ 4®)
(Jiang et al., 2017; Paschos et al., 2012; Skalska et al., 2010). However, the absence of sustained
functional EBNA3A and EBNA3C leads to activation of p15'V**, p16'*4 gand BIM transcription (Paschos
et al., 2012; Skalska et al., 2010; Styles et al., 2017). This contrasts regulation of p18'Nf*and BLIMP-1
which are the first, and currently only, genes identified as epigenetically repressed by EBNA3 proteins
in newly established LCLs, whereby repression becomes independent of EBNA3 proteins (Figures 4.7
and 4.8). BLIMP-1 and p18™Nk4appear to be differentially regulated from each other, as well as from
p16'NK42 p15NK4b and BIM. Whereas CDKN2A is reversibly repressed in newly established (2 months in
culture, Figure 4.7) and in established conditional LCL (over 6 months in culture, Figure 4.8), and

p18'NK4¢ consistently irreversibly repressed under both conditions, repression of BLIMP-1 is irreversible
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in newly established LCL but becomes reversible in older established LCL. It would be of interest to
determine the features of the p18"** and BLIMP-1 loci that permit the sustained repression of these
B cell differentiation factors in the absence of EBNA3A and EBNA3C, and whether this irreversibility of
p18'NK4¢ or |ate stage reversibility of BLIMP-1 is related to requirements of gene expression during
sustained infection.

The reversibility EBNA3SA/EBNA3C-mediated regulation of BLIMP-1 in LCLs in prolonged
culture compared to newly established LCLs is possibly reflective of the monoclonal nature of LCL cell
lines. The progeny of a single B lymphocyte is primary represented in a long established LCL (Plagnol
et al., 2008; Ryan et al., 2006). In contrast, EBV infection of primary B cells and newly established LCLs
is more representative of a polyclonal B cell population. Alternatively, the secondary effects of
prolonged LCL culture may be influencing gene regulation, with B cells undergoing primary EBV-
mediated transformation and proliferation shown to have a growth and survival phenotype distinct
from that of established LCLs (Price et al., 2012). Indeed, microarray analysis has indicated differential
regulation of some EBNA3A target genes in newly established LCLs compared to long-term LCLs (Hertle
et al., 2009). This is consistent with differential EBNA3-mediated regulation of BLIMP-1 between the
LCLs of different ages. Alternatively, the reversibility of BLIMP-1 repression at a later point in EBV
infection could be mediated by the virus. It is possible EBV represses BLIMP-1 during primary infection
with EBV, then permits de-repression in cells where latency has been achieved, to prevent PC
differentiation occurring before latent infection has been established. EBV may mediate activation of
BLIMP-1 at a later stage of infection as it is essential for the differentiation of latently infected MBCs
to PCs, which is required for reactivation of the EBV lytic cycle (Laichalk and Thorley-Lawson, 2005).
The mechanisms surrounding the initially irreversible, then reversible, regulation of BLIMP-1 by
EBNA3A and EBNA3C are presently unknown. It would be of interest to determine the novel EBNA3A
and EBNA3C transcriptional regulatory mechanisms responsible for irreversible gene regulation, and

whether it relates to the lytic reactivation stage of the EBV life cycle.
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Interestingly, aside from their roles in PC differentiation, both p18'*4 and BLIMP-1 have been
identified as tumour suppressors. It has been shown p18™“c cooperates with the lymphoid
differentiation regulator Gata3 to suppress B cell ymphomas (Liu et al., 2016). Furthermore, deletion
of p18'N¥c s frequently observed in human B cell lymphomas (Bea et al., 2009; Mestre-Escorihuela et
al., 2007; Sanchez-Aguilera, 2004) and deletion of one or both of the p18™“ alleles significantly
promotes tumorigenesis in mice (Bai et al., 2003). In addition, nearly 50% of Reed-Sternberg cells in
Hodgkin’s lymphoma lack p18™K4 expression, which is associated with an unfavourable prognosis
(Sanchez-Aguilera, 2004). As with p18™N*, PRDM1 is frequently deleted in human B cell lymphomas
(Jackson et al., 2000; Pasqualucci et al., 2006; Thelander et al., 2008). In particular, PRDM1 inactivation
is often identified in cases of DLBCL and is thought to contribute to lymphomagenesis (Calado et al.,
2010; Mandelbaum et al., 2010; Pasqualucci et al., 2006). Furthermore, deletion of mouse BLIMP-1 in
vivo promotes lymphoproliferative disorders and mimics ABC-DLBCL pathology (Mandelbaum et al.,
2010). It is likely that in B cell lymphomas resulting from EBV infection, the inactivation of these

tumour suppressors by EBNA3A and EBNA3C enhances oncogenic progression.

4.4.2. Suppression of the B cell to PC pathway by EBNA3A and EBNA3C

The results in this chapter indicate that the biological aim of EBNA3A- and EBNA3C- mediated
repression of the PC differentiation factors p18'N*4c and BLIMP-1 is to achieve suppression of the PC
differentiation pathway. Unfortunately, the elevated levels of p18™N¥* and BLIMP-1 cannot be
consequentially equated to physiological levels in PCs due to the limitations in PC models.
Nonetheless, of the available PC models (ie the U266 plasmacytoma cell line and in vitro induced PC),
levels of p18™k4 and BLIMP-1 are largely comparable or exceed levels found in these 2 PC models
(Figure 4.10). Furthermore, BLIMP-1 differentiation associated target genes responded as predicted
to EBNA3A/EBNA3C-null EBV-induced BLIMP-1 activation (Figures 4.11 and 4.12). EBV-mediated
suppression of the PC differentiation pathway was confirmed when flow cytometry identified the
phenotypic consequences of elevated levels of these PC differentiation factors was shown to correlate
with increased levels of markers characteristic of PC (namely CD138 expression and high levels of
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CD38) and elevated IgG and IgM production in EBNA3A/EBNA3C-null cells at 20 days pi (Figures 4.14
and 4.15).

It is probable that the additional consequences of EBV infection compounded with the
consequences of non-functional EBNA3A and EBNA3C are preventing the complete terminal
differentiation of EBNA3A/EBNA3C-null EBV infected cells to PC. It is likely that the impaired
proliferative capacity and elevating levels of p16™? in these cells, resulting in cell cycle arrest, is
contributing to this (Skalska et al., 2010, 2013). It would be of interest to determine whether p16'K4a-
null cells are capable of complete terminal differentiation of PC in the absence of functional EBNA3A
and EBNA3C.

EBV-mediated repression of p18™k* and BLIMP-1 becomes independent of EBNA3A and
EBNA3C in newly established LCLs, which likely relates to the establishment of EBV latency in MBCs
(Roughan and Thorley-Lawson, 2009). It is thought that upon EBV infection of a quiescent, mature
human B cells, the cell becomes activated and grows, and within a few days rapid proliferation begins.
The GC model of persistence suggests that in vivo, depending on availability of T cells, or T cell-derived
factors, cells differentiate and progress through the GC, a process through which viral gene expression
is sequentially silenced. Infected cells leave the GC as latently infected MBC which do not express viral
proteins. In the absence of EBV infection, when no T cell help is available antigen activated B cells can
also progress down a PC differentiation route whereby they become plasmablasts and then functional
short-lived Ig secreting PCs (Shi et al., 2015). Alternatively, when T cell help is available to antigen-
activated B cells they can progress through the GC and follow the long-lived PC differentiation
pathway rather than the alternative MBC pathway, a decision likely dependent on exogenous signals
(Suan et al., 2017). However, it has not been established what happens to an EBV-infected B-blast in
the absence of T cell help, or why MBC differentiation of EBV-infected cells is favoured in the GC. The
results of this chapter suggest EBV has evolved to suppress the PC differentiation pathway, to favour
long-term latency in MBC through EBNA3A- and EBNA3C-mediated repression of p18™*4¢ and BLIMP-

1. As repression of these B cell differentiation factors becomes independent of EBNA3A and EBNA3C,
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EBV has evolved to ensure transient expression of these viral proteins is sufficient to irreversibly
repress p18'N4c and BLIMP-1 to avoid spontaneous PC differentiation of cells infected with EBV during
progression through the GC, during which the EBNA3 genes are silenced. This mechanism favours the
MBC differentiation pathway, therefore leading to long term viral persistence and latency.
Regulation of the B cell to PC differentiation pathway by EBNA3A- and EBNA3C-mediated
repression of p18™Nk and BLIMP-1 appears to be independent of the tumour suppressive EBNA3
protein; EBNA3B. However, a distinct role for EBNA3B in the differentiation of B cells is indicated by
microarray analysis of BL31 BL-derived cells, as deletion of EBNA3B results in an upregulation of a
subset of genes usually repressed in the GC (White et al., 2010). This suggests EBNA3B may help
facilitate MBC differentiation by contributing to the progression of EBV-infected cells through the GC
reaction. Although the contribution of EBNA3B to this process has not been investigated, it is possible
that all of the EBNA3 proteins are directing differentiation of EBV-infected cells toward the MBC

compartment, and therefore the site of long-term latency.
4.4.3. EBV latency-associated proteins and B cell differentiation pathways

Aside from EBNA3A- and EBNA3C-mediated epigenetic repression of p18™*¥¢ and BLIMP-1
(Styles et al., 2017), additional EBV factors have been associated with repression of BLIMP-1, the major
regulatory transcription factor required for PC differentiation. Uninfected GC B cells transfected with
the oncogenic EBV latency-associated protein LMP1 have been shown to express reduced levels of
BLIMP-1 mRNA. This is speculated to occur due to LMP1 induced upregulation of c-MYC expression
forming a reciprocal regulatory loop, rather than direct targeted repression of BLIMP-1 by LMP1
(Vrzalikova et al., 2011). This analysis of LMP1 repression of BLIMP-1 was performed by transfection
of uninfected cells with only LMP1, rather than by genetic analysis using a recombinant EBV virus
whereby all EBV latent proteins are expressed unless specifically inactivated. In addition, the EBV miR-
BHRF1-2 has been shown to bind to the 3’UTR of PRDM1 (BLIMP-1), and transfection of LCLs with an

miR-BHRF1-2 inhibitor was shown to increase BLIMP-1 expression (Ma et al., 2016).
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Although it is suggested these alternative EBV factors also repress BLIMP-1, evidence of
significantly elevated levels of BLIMP-1 and differentiation of EBV-infected CD19*'¢ B cells along a PC
differentiation pathway in EBNA3A/EBNA3C-null cells suggests EBNA3A and EBNA3C are vital for
BLIMP-1 repression. Furthermore, EBNA3A and EBNA3C have been shown to bind to chromatin at
regulatory elements in the vicinity of the p18™4 and BLIMP-1 loci resulting in recruitment of
chromatin modifications consistent with transcriptional repression. This indicates p18™4c and BLIMP-
1 are primary targets of EBV-mediated suppression of PC differentiation (Styles et al., 2017). Although
EBNA3A and EBNA3C appear the dominant factors in repression of BLIMP-1, there appears to be a
multi-faceted targeting of this vital PC differentiation factor. This indicates the importance of the
repression of PC differentiation during the EBV life cycle. Suppression of PC differentiation likely
promotes the alternative GC pathway of MBC differentiation, and consequentially long-term viral

persistence and latency.
4.4.4, EBV lytic reactivation and the PC differentiation pathway

Lytic reactivation of EBV is thought to occur following the differentiation of a latently infected
MBC to a PC. This in vitro model system could be ideal for investigating the switch between EBV latency
and the EBV lytic cycle as it recapitulates PC differentiation of EBV infected cells. It has been shown
that in the tonsils of healthy carriers, EBV replication occurs in rare cells undergoing differentiation of
PC (Laichalk and Thorley-Lawson, 2005). Furthermore, a molecular link between these processes was
shown when BLIMP-1 was demonstrated to induce reactivation of EBV in epithelial cells and a subset
of B cells by activating transcription from the lytic switch promoters R and Z (Reusch et al., 2015). It
was hypothesised elevated levels of BZLF1 would correlate with elevated levels of p18'N*4c and BLIMP-
1 and the PC phenotype of EBNA3A/EBNA3C-null cells seen at 20 days post pi. However, this work did
not shed light on this stage of the EBV life cycle as there was no correlation between EBNA3A and
EBNA3C functionality and expression of BZLF1, the earliest EBV lytic protein. There was no significant
difference in BZLF1 mRNA expression in three of the four donors assessed, regardless of
EBNA3A/EBNA3C functionality. Elevated levels of BZLF1 mRNA in the absence of EBNA3A and EBNA3C
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in one of the four donors is therefore likely a result of donor dependent behaviour. Furthermore,
western blotting extracts from EBNA3A/EBNA3C-null cells failed to identify BZLF1 indicating low or
absent protein expression (Figure 4.16 and 4.17). In addition, expression of other lytic proteins was
also not identified by western blot (Figure 4.17).

The absence of EBV lytic reactivation could be a consequence of incomplete terminal
differentiation of PC, likely as a result of cell cycle arrest due to the absence of EBNA3A and EBNA3C
(see above). Alternatively, rarity in which reactivation of EBV occurs (Laichalk and Thorley-Lawson,
2005) could be responsible for the lack of detectible BZLF1 protein. It is possible that difficulty in
overcoming the stable repression of p18™* and BLIMP-1 induced by EBNA3A and EBNA3C may
contribute to the rarity of PC differentiation and therefore rarity of EBV reactivation.

The differing genetic profile of B cells could also contribute to the apparent absence of EBV
lytic activation (Shi et al., 2015). The PC-like cells resulting from infection with EBV in the absence of
EBNA3A and EBNA3C more likely resemble GC-independent short-lived PC resulting from antigen
activation in the absence of T cell help, as no T cells are available during the in vitro infection of purified
CD19*"¢cells with EBV. Furthermore, it is thought reactivation of EBV occurs when MBC differentiate
into PC specifically in the tonsils (Laichalk and Thorley-Lawson, 2005). These MBC have progressed
through the GC and travelled to the tonsils and likely have an altered genetic profile to GC-
independent in vitro derived PC-like cells. Particularly as PC derived in vitro have been shown to lack
features of in vivo PC (Shi et al., 2015). Reactivation of EBV may require certain molecules or
transcriptional profiles that are only provided by the differentiation of MBC to PC rather than the GC-
independent differentiation of B-blasts to PC as recapitulated in this in vitro system, or provided by
the microenvironment of the tonsil. Indeed, the tonsillar PCs undergoing EBV lytic replication
identified by Thorley-Lawson and colleagues, on which this aspect of the EBV life cycle is based, were
shown to be CD38"&" but CD138 negative, contrasting bone marrow PC and those induced by

EBNA3A/EBNA3C-null EBV infection in vitro (Laichalk and Thorley-Lawson, 2005; Styles et al., 2017).
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Despite PC characteristics, the differences in these cells types could be responsible for the absence of
EBV lytic reactivation in EBNA3A/EBNA3C-null EBV infected cells undergoing PC differentiation.

The absence of lytic activation could alternatively be a consequence of the lack of EBV latency.
It has been shown that only latently infected cells transition into the lytic cycle, despite the presence
of BZLF1 expression during primary infection, as a result of genome methylation (Kalla et al., 2010).
This study focuses on primary B cell infection with EBV, therefore the cells have not progressed to
latency and may be unable to induce the lytic cycle, despite the PC-like phenotype of the
EBNA3A/EBNA3C-null cells. Challenges remain, but it would be of great interest to untangle the

biochemistry linking PC differentiation and reactivation of the EBV lytic cycle.
4.5. Final conclusions

In conclusion, these results establish a formal link between the transcriptional regulation of
EBV and the B cell to PC differentiation pathway. These results demonstrate that EBV-mediated
repression of the PC differentiation factors p18™c and BLIMP-1, through the regulatory
transcriptional mechanisms of EBNA3A and EBNA3C, suppresses the PC differentiation pathway
following infection with EBV. This therefore favours establishment of long-term latency and

persistence of EBV in MBCs.
4.6. Remaining questions

1. What are the different molecular mechanisms used by EBNA3A and EBNA3C to differentially
regulate p18'Nk*and BLIMP-1, from both each other and other EBNA3 target genes, despite PRC2

and H3K27me3 being involved in each case?

2. Arethe EBNAS3 proteins regulating any other B cell differentiation factors?

3. Can EBV-mediated suppression of the B cell to PC differentiation pathway be assessed in vivo?
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5. Chapter V: EBV can persist in mice with human immune
system components when EBNA3A and/or EBNA3C

oncogenes are non-functional, but is less pathogenic

5.1. Introduction

Having looked at EBNA3A and EBNA3C in vitro in the previous chapters, this chapter will now
focus on the roles of EBNA3A and EBNA3C in EBV persistence in vivo. EBNA3A and EBNA3C oncogenes
promote transformation and increase cell survival in vitro, but until now the importance of these
genes in vivo had not been determined. EBNA3C is essential for EBV-mediated transformation of
primary B cells in vitro, with EBNA3C-null recombinant EBV viruses unable to establish continuously
proliferating LCLs (Maruo et al., 2006; Skalska et al., 2010). EBNA3A is important in transformation,
with EBNA3A-null LCL exhibiting reduced proliferative capacity in vitro (Bazot et al., 2015; Hertle et
al., 2009; Maruo et al., 2003). In contrast, EBNA3B is dispensable for in vitro transformation, and is
thought to have tumour suppressive activity in vivo (White et al., 2012).

It has already been established that mice reconstituted with human immune system
components (hu-mice) are suitable models in which to study EBV infection in vivo (Fujiwara et al.,
2015; Gujer et al., 2015; White et al., 2012). To investigate the roles of EBNA3A and EBNA3C in EBV
persistence and latency in vivo, an NRG hu-mice model was established. These mice were then
infected with recombinant EBV viruses with deletions in EBNA3A and EBNA3C independently, and a
virus where the entire EBNA3 locus was deleted. Mice were followed over 6 weeks of infection, and
assessed for EBV-mediated pathology and EBV DNA presence. During the write up of this study, EBV
persistence in the absence of either EBNA3A and EBNA3C oncogenes was reported independently
[(Murer et al., 2018); see Section 5.3 for discussion].

In addition to using recombinant EBV with deletions in EBNA3 proteins, the viability of using

conditional ERT2 recombinant EBV viruses within the hu-mouse model was also analysed. These
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viruses have been used in vitro to further determine the roles of EBNA3A and EBNA3C in viral latency
and persistence (Bazot et al., 2015; Maruo et al., 2005, 2006; Skalska et al., 2013; Styles et al., 2017).
As discussed in Chapter | (Section 1.4), these recombinant viruses contain an ER fused to the open
reading frames of the EBNA3A and/or EBNA3C genes, making functional expression of these proteins
dependent on the activating ligand HT (Bazot et al., 2015; Maruo et al., 2005, 2006; Skalska et al.,
2013; Styles et al.,, 2017). As tamoxifen is metabolised in the liver to produce HT, tamoxifen-
impregnated food (referred to hereafter as TMX-food) was used in combination with the conditional
3AERT2 recombinant EBV virus to establish whether a WT-like or KO-like phenotype would occur in
the infected hu-mice depending on the presence or absence of the activating ligand HT. The ability to
activate or deactivate functional EBNA3 protein expression in vivo would provide a useful tool to
further investigate the intricate roles of EBNA3A and EBNA3C within viral persistence, pathogenesis
and tumour development. This experiment was performed as a small-scale proof of concept, and
requires further investigation.

Although performed with the aim of studying EBNA3A and EBNA3C in EBV persistence in vivo,
the work described in this chapter was primarily done to explore the feasibility of studying EBV in a
hu-mice model. Base-line protocols were established during these experiments, as it was the first time
such work had been performed at Imperial College London. Six independent cohorts were infected
during the course of this study; 5 cohorts focused on using EBNA3 KO viruses, and 1 cohort focused
on assessing the conditional 3AERT2 virus in vivo. Different protocols were established over the
duration of this study, therefore some experiments consider every mouse infected, whereas others
represent a subset or specific cohort. This limits strong conclusions due to the different cohorts

assessed.
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5.2. Results

5.2.1. Generating a mouse model with human immune system components

5.2.1.1. Establishing a humanised mouse model and assessing engraftment of human
immune system components in the peripheral blood and spleen

It has previously been established that mice with human immune system components support
EBV infection, and model EBV associated diseases and lymphomagenesis in vivo (Fujiwara et al., 2015;
Kohnken et al., 2017; White et al., 2012). Therefore, to investigate the importance of EBNA3A and
EBNA3C in vivo, an NRG (NOD/Rag”/IL2-Ry™") humanised mouse model with specific mutations
resulting in severe immunodeficiency was used (see Chapter |, Section 1.5.4 for detail). To establish
human immune system components in NRG mice, at 1-4 days old the mice were sub-lethally irradiated
and injected with CD34*¢ haemopoietic stem cells purified from foetal liver (shown schematically in
Figure 5.1). Engraftment was allowed to establish for a minimum of 3 months, before the

reconstitution of human lymphocytes was assessed by flow cytometry.
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Figure 5.1. Schematic showing the process of humanisation of newborn mice. At 1-4 days old, NRG
mice were sub-lethally irradiated and then injected with CD34*¢ cells isolated from foetal liver.
Following 3 months of engraftment, mice are considered ‘humanised’ and assessed for the presence
of human immune system components.

Engraftment of human lymphocytes within the peripheral blood of humanised mice was
determined by flow cytometric analysis at 3-4 months post humanisation. Initially, levels of human
CD45 (lymphocyte marker) and human CD19 (B cell marker) cell populations were measured (Figure
5.2A). The level of human CD45*¢ cells was compared with the level of mouse CD45* to obtain the
percentage of reconstitution. This revealed variable reconstitution levels between hu-mice. In order
to more extensively assess the reconstitution of human immune system components in hu-mice, the
engraftment of T cell populations was then included in later analysis of hu-mice engraftment. The
presence of T cells was identified by the surface marker CD3, and distribution of these T cells between
CD4*¢ and CD8"¢ cell populations was also assessed. This revealed that the majority of mice seem to
engraft primarily with either more T cells or more B cells, with many mice expressing high levels of

either T or B cells. Hu-mice also engrafted with notably more CD4*¢ T cells than CD8"¢ cells (Figure
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5.2B). In addition, engraftment of human immune cells within the spleen of hu-mice was elevated

compared to levels within the peripheral blood (Figure 5.3).
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Figure 5.2. Composition of human lymphocytes in the peripheral blood of NRG mice engrafted with
human immune system components. (A) Reconstitution levels of human CD45*¢ human lymphocytes
compared to mouse CD45"¢ lymphocytes, and percentage of CD19*'¢ human cells in the peripheral
blood of mice engrafted with human immune system components. (B) Reconstitution levels as in (A)
alongside percentage of CD3™¢, CD4** and CD8*"® human cells in the peripheral blood of mice
engrafted with human immune system components. CD19*¢ and CD3*™ cells are shown as a
percentage of human CD45"¢ cells. CD4*¢ and CD8™¢ cells are shown as a percentage of human
CD45*¢ CD3™¢cells. Flow cytometry was used to determine the frequencies of human lymphocytes.
Each data point represents a single humanised mouse while horizontal bars represent the mean. Mice
without detectible human cells are not shown.
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Figure 5.3. Engraftment of human CD45 immune cells in humanised mice is elevated in the spleen
compared to peripheral blood. Reconstitution levels of CD45*'¢ human lymphocytes compared to
mouse CD45"¢lymphocytesin the peripheral blood and spleen of mice engrafted with human immune
system components. Flow cytometry was used to determine the frequencies of human and mouse
CD45™¢ lymphocytes. Each data point represents a single humanised mouse.
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Following the humanisation process, some mice exhibited progressive alopecia (Figure 5.4).
This may be a result of graft versus host disease (Ali et al., 2012) and was only evident in mice over
approximately 4 months of age. There did not appear to be any correlation between sex, CD34¢ cell
donor, level of CD19*"¢ B cells, reconstitution level, EBV infection or associated EBV pathology in mice
presenting with fur loss. Furthermore, there was no weight loss associated with alopecia in the
majority of mice. Hu-mice exhibiting alopecia in combination with severe weight loss or further
indications of illness (such as hunched posture, low movement and isolation) were not included in
analysis. The progressive alopecia seen in NRG hu-mice only occurred in mice with identifiable human
CD45* cells in the peripheral blood, indicating it was a consequence of the engraftment of human

lymphoid cells rather than the genetic background of the mice.
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Figure 5.4. Humanisation of NOD/Rag”"/IL2-Ry™" (NRG) mice can lead to progressive alopecia. A
healthy adult NRG humanised mouse not exhibiting fur loss (A) is shown in comparison to humanised
mice exhibiting advancing levels of alopecia (B and C) and a humanised mouse exhibiting severe
alopecia (D).

5.2.1.2.  Variables within the humanised mouse model

Variables within the NRG humanised mouse model were identified alongside differing levels of
human CD45™¢ cells between mice engrafted with human immune system components. The CD34*¢
haemopoietic stem cell donor greatly affected the engraftment of human immune system
components. Reconstitution levels of human CD45*¢ cells in the peripheral blood of hu-mice,
engrafted with CD34*¢ cells isolated from different foetal liver donors, was assessed by flow
cytometry. Some CD34*¢ donor cells resulted in a notable population of well-reconstituted mice (i.e.
over 25% CD45"¢ cells), whereas other donors resulted in extremely low engraftment in all mice
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(Figure 5.5). Conversely, other donor cells led to a range of reconstitution levels among humanised
mice. Another notable variation among humanised mice was that there was a higher number of
female mice engrafted with human cells compared to male mice. On average, female mice also
exhibited a slightly higher average percentage of human CD45"¢ cells (Figure 5.6). This is consistent
with a previous report of higher levels of human engraftment in female NSG mice compared to males

(McDermott et al., 2010).
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Figure 5.5. Engraftment of human immune system components in humanised mice is variable
between CD34 cell donors. Reconstitution levels of human lymphocytes in the peripheral blood of
mice humanised by injection of CD34** cells isolated from different donors. Reconstitution was
assessed by flow cytometry to evaluate levels of human CD45*¢ lymphocytes compared to mouse
CD45*¢lymphocytes. Each data point represents a single humanised mouse, horizontal bars represent
the mean and standard deviation.
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Figure 5.6. Female mice exhibit more effective engraftment of human immune system components
than male mice following humanisation. Reconstitution levels of human lymphocytes in the
peripheral blood of female and male NRG humanised mice infected with recombinant EBV viruses in
the study of EBNA3 proteins in vivo. Reconstitution was assessed by flow cytometry to evaluate levels
of human CD45*"¢ lymphocytes compared to mouse CD45*¢ lymphocytes. Each data point represents
a single humanised mouse with a minimum reconstitution of 1% human CD45"¢ cells. Horizontal bars
represent the mean and standard deviation. Mice lacking identifiable human CD45"¢ cells are not
shown.

5.2.2. Establishing protocols for investigating recombinant EBV infection in
mice with human immune system components reveals EBV can
persist in the absence of functional EBNA3 proteins, but is less
pathogenic

5.2.2.1. Weekly and terminal analysis of humanised mice infected with EBV recombinant

viruses
To assess the roles of EBNA3A and EBNA3C during EBV infection in vivo, mice engrafted with
human immune system components were infected via intraperitoneal injection with 10° GRU of WT
recombinant EBV or recombinant EBV with deletions in EBNA3A (3AKO), EBNA3C (3CKO) or a
recombinant virus lacking all EBNA3 proteins (E3KO). Mice were infected for 6 weeks and then
sacrificed for analysis. As a control, an uninfected ‘MOCK’ cohort was also analysed for comparison.
The experimental plan for hu-mice infection with recombinant EBV is shown in Figure 5.7. To assess

the viral load of EBV recombinant virus-infected mice during the 6-week infection, EBV infected hu-
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mice were bled every week from 14 days pi, and DNA extracted to evaluate whether EBV DNA could
be identified by qPCR (Figure 5.7A). At 6 weeks pi, hu-mice were sacrificed and the blood and the
spleen from each mouse was isolated for analysis. DNA was extracted from both to assess EBV viral
load. Spleens were additionally assessed for tumour development and splenomegaly, and a sample
of spleens were fixed and mounted onto slides forimmunohistochemical staining analysis. In addition,
splenic lymphocytes were isolated and seeded to assess outgrowth of LCLs. In some mice flow
cytometry was performed on splenic and peripheral blood lymphocytes to assess T cell responses and

B cell composition (Figure 5.7B).

A
DNA Extracted>>Viral Load
DO
/ D21 D28 N\
! SACRIFICE
O i i
B

| =N

DNA
Extracted

NN v

-B cell composition Assess Seed for DNA
-T cell responses Splenomegaly LCLs Extracted Flow cytometry -

Assess Lymphocyte -B cell composition
Outgrowth Viral Load -T cell responses

Flow cytometry Weighed Lymphocytes Isolated

Blood
Viral Load

Figure 5.7. Schematic showing experimental procedure for EBV infection of humanised mice (A)
Mice were bled weekly, DNA extracted from the peripheral blood and viral load analysed. At 6 weeks
post infection mice were sacrificed. (B) Flow chart detailing terminal analysis of the blood and spleen
isolated from humanised mice infected with recombinant EBV.
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In addition to terminal analysis and weekly viral load, EBV recombinant infected mice were
weighed twice weekly as a measure of overall health. There was no EBV infection-associated weight
loss seen across the different recombinant EBV infections (Figure 5.8). Instead, mice gained weight at
approximately the same rate over the course of the experiment. This is presumably due to ageing and
growth of the mice. There was a tendency for the weight of uninfected ‘MOCK’ mice to increase at a
higher rate than mice infected with recombinant EBV (Figure 5.8, purple line). The decreased weight
gain in these mice could be a result of EBV infection, but the large error bars representing the standard

deviation imply this is not significant.
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Figure 5.8. Humanised mice infected with recombinant EBV do not exhibit weight loss. Humanised
NRG mice were weighed before infection with 10° GRU of WT, 3AKO, 3CKO or E3KO recombinant EBV
(as indicated), and then twice weekly until sacrifice at 6 weeks post infection. Weight of mice was
evaluated as a percentage loss or gain from the weight at the start of infection. Mean weight
percentage change for mice infected with each recombinant EBV is shown. Uninfected ‘MOCK’ mice
are shown for comparison.
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5.2.2.2. EBVviral load in humanised mice is greater when EBNA3 proteins are functional

Hu-mice were infected with recombinant EBV where either EBNA3A and EBNA3C proteins
were functional (WT), individually deleted (3AKO, 3CKO) or with a virus where the entire EBNA3 locus
was deleted (E3KO). Blood was harvested weekly from 14 days pi from a cohort of the infected mice
(WT=9, 3AKO=6, 3CKO=6, E3KO=6), and DNA extracted. EBV viral loads were then quantified by qPCR
for the BALF5 DNA polymerase, a conserved EBV gene.

Across all infections there were some mice that did not exhibit any viral DNA in the peripheral
blood and these were not plotted. The levels of EBV genomes identified across each EBV infection
varied but was invariably higher in WT, and unexpectedly, also in mice infected with E3KO (Figure
5.9A). On average, E3KO infected mice at 5 weeks pi had the highest levels of EBV DNA (Figure 5.9B),
greater even than the WT infected mice where all the EBNA3 proteins were functional (Figure 5.9).
Although the average levels of EBV DNA across the different infections is presented (Figure 5.9B), this
should be considered representative rather than definitive. The averages presented here only
represent mice presenting with identifiable EBV DNA, and there was distinct variation between mice
such that error bars were not plotted due to their excessive size.

EBNA3B-KO infections have been shown to result in elevated viral loads and tumorgenicity
compared to WT infection (White et al., 2012). Therefore, the high levels of EBV DNA in mice infected
with E3KO, may be a consequence of the absence of the tumour suppressive EBNA3B. However,
despite the rising viral load levels in E3KO mice at 5 weeks of infection, levels of viral DNA then seem
to drop dramatically. In some cases, viral DNA was undetectable at 6 weeks pi in either blood or the
spleen (Figure 5.10). This may be a consequence of the concurrent absence of the oncogenic EBNA3A
and EBNA3C with absence of the tumour-suppressive EBNA3B. This interplay between the absence of
the EBNA3 proteins demonstrates the complex interactions and contradictions of the functions within
this protein family. Alongside E3KO-infected hu-mice, EBV DNA was also identified in mice infected
with the single KOs for EBNA3A or EBNA3C independently. The presence of EBV DNA in these mice

indicates persistence of the virus, even in the absence of the EBNA3A and EBNA3C oncogenes.
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Figure 5.9. Viral load in humanised NRG mice following infection with recombinant EBV. (A) EBV
DNA genome copies in the peripheral blood of humanised mice infected with 10° GRU of WT (blue),
3AKO (green), 3CKO (red) and E3KO (orange) recombinant EBV was determined by qPCR of 200 ng of
DNA purified from the peripheral blood. EBV genome copies were assessed at 2 weeks post infection,
then weekly until sacrifice at 6 weeks post infection. Recombinant EBV infected mice with no
detectable EBV DNA were not plotted. Each data line represents a single recombinant EBV infected
humanised mouse. (B) Averages of data presented in (A).

Mice were sacrificed at 6 weeks pi, and the peripheral blood and splenic tissue of every mouse
analysed for presence of EBV DNA. The levels of EBV DNA identified in the blood of mice infected with

WT EBV was higher than those found in mice infected with EBNA3 KO viruses, with the exception of a
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single 3CKO infected mouse and single E3KO infected mouse (Figure 5.10A). However, overall there
were significantly more mice infected with WT EBV with identifiable viral DNA in the blood compared
to mice infected with viruses lacking EBNA3 genes, in which identification of EBV DNA was fairly low
(Figure 5.10C). A higher level of EBV DNA was identified in the spleens of infected mice. At sacrifice,
the highest levels of EBV DNA were found in WT infected mice, with 4 mice exhibiting far higher levels
than those identified in mice infected with viruses with EBNA3 deletions (Figure 5.10B). These levels
were notably higher than those infected with the E3KO recombinant virus, despite elevated levels
seen in some of these mice at 5 weeks pi. Overall, EBV DNA was more readily identified in the spleen
of infected mice compared to the blood, particularly in WT infected mice (Figures 5.10C and 5.10D).
In addition, consistent with the blood results, there were significantly more WT infected mice
presenting with identifiable EBV DNA compared to mice infected with 3AKO, 3CKO or E3KO (Figure
5.10D).

The levels of viral DNA were notably elevated in a number of WT infected mice compared to
mice infected with EBV without the EBNA3A and/or the EBNA3C oncogenes, indicating EBNA3A and
EBNA3C enhance infection and persistence. However, the presence of EBV DNA in the blood and
spleens of some of the hu-mice infected with EBV recombinant viruses lacking EBNA3A, EBNA3C or
the whole EBNAS3 locus suggests persistence of EBV in the absence of these oncogenes. Albeit, at a

lower level than in WT infection where the EBNA3 proteins are functional.
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Figure 5.10. EBV DNA viral load in humanised NRG mice infected with recombinant EBV is higher in
the spleen than in the peripheral blood. EBV DNA genome copies in the peripheral blood (A) and
splenic tissue (B) of humanised mice infected with 10° GRU of WT, 3AKO, 3CKO and E3KO recombinant
EBV at sacrifice at 6 weeks post infection (pi). EBV genome copies were determined by qPCR of 200
ng of DNA purified from peripheral blood or splenic tissue. Recombinant EBV infected mice with no
detectable EBV DNA were not plotted. Each data point represents a single humanised mouse and
horizontal bars represent the mean and standard deviation. (C and D) Percentage of humanised mice
infected with 10° GRU of WT (n=20), 3AKO (n=15), 3CKO (n=15) and E3KO (n=15) recombinant EBV
with identifiable EBV DNA at 6 weeks pi in the blood and spleen. Statistical significance was assessed
by Fischer’s Exact test, a p value of <0.05 was considered significant (*), a p value of <0.01 was

considered more significant (**).
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Some WT mice did not have identifiable EBV DNA, yet presented with macroscopically visible
tumour development, where cells grew out that expressed EBV latency-associated proteins (See
Sections 5.2.2.3 and 5.2.2.5). This implies there may be an issue with either the quality of DNA
extracted or with the qPCR assay. However, both DNA extraction and qPCR amplification appeared
successful as gPCR amplification of B2M (performed in duplex with the EBV gene BALF5 as a control)
was successful. Therefore, the absence of detectable EBV DNA may reflect the limits of detection of
the assay. This may also account for the low numbers of mice with identifiable viral DNA following
infection with EBNA3 KO viruses, as they generally had lower levels of EBV DNA compared to WT
infected mice.
5.2.2.3. Humanised mice infected with recombinant EBV viruses without the EBNA3A

and/or EBNA3C oncogenes exhibit tumour development, but at a lower
frequency than infection where EBNA3 genes are functional

Infection of hu-mice with WT recombinant EBV for 6 weeks resulted in macroscopically visible
tumour development in just over 50% of mice (Figure 5.11B). Consistent with the presence of EBV
DNA in the absence of EBNA3 oncogenes, splenic tumour development was also identified in some
hu-mice at 6 weeks pi with 3AKO, 3CKO and E3KO recombinant EBV. Tumour development in the
absence of the EBNA3 oncogenes occurred at a significantly lower frequency than in hu-mice infected
with WT-recombinant EBV where the EBNA3 proteins were functional (Figure 5.12B). Furthermore,
the splenic tumour development in mice where EBNA3A and/or EBNA3C were absent resembled the
smaller tumour seen in Figure 5.11A (lower red arrow). In contrast, large splenic tumours such as seen
in Figure 5.11A (upper red arrow) was only seen in some WT infected mice.

The level of engraftment of human CD45*¢ and CD19*¢ B cells in the peripheral blood of
recombinant EBV infected hu-mice did not seem to affect the incidence of splenic tumour
development (Figure 5.12A/B). Levels of human CD45*¢ and CD19"%cells in the spleen appeared only
moderately elevated in mice exhibiting splenic tumour development following EBV infection (Figure
5.12C/D).
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The number of mice presenting with splenic tumours was greater in 3AKO infected mice than
either 3CKO or E3KO recombinant EBV infected mice. This correlates with the transforming ability of
these viruses in vitro. Primary B cell infection in vitro where EBNA3A is non-functional can result in
LCLs, but they have reduced proliferative capacity (Bazot et al., 2015; Hertle et al., 2009; Maruo et al.,
2003). In contrast, transformation and LCL development does not occur in the absence of EBNA3C
(Maruo et al., 2006; Skalska et al., 2013). The presence of both viral DNA and tumour development in
some hu-mice infected with EBNA3A and EBNA3C KO viruses, and a recombinant virus lacking the
entire EBNA3 locus, contrasts these established in vitro findings and suggests the oncogenic EBNA3

proteins may be dispensable for persistent EBV infection in vivo.
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Figure 5.11. EBV mediated tumour development can occur in the absence of its EBNA3 oncogenes.
(A) Example of a macroscopically visible tumour in the spleen of a humanised mouse 6 weeks post
infection with WT recombinant EBV (WT INFECTED). A non-infected humanised mouse control
(‘MOCK’) is shown for comparison. Red arrows indicate tumours. (B) Frequency of macroscopically
visible splenic tumour development in humanised mice 6 weeks post infection with 10° GRU WT
(11/20), 3AKO (4/15), 3CKO (3/15) or E3KO (3/15) recombinant EBV. Non-infected control humanised
mice (‘MOCK’) are also shown (0/13). Statistical significance was assessed by Fischer’s Exact test, a p
value of <0.05 was considered significant (*), a p value of <0.01 was considered more significant (**).
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Figure 5.12. Tumour development in EBV infected humanised mice does not correlate with
engraftment of human lymphocytes. Reconstitution levels of CD45* human lymphocytes (A) and
CD45* CD19* human lymphocytes (B) in the peripheral blood in hu-mice lymphocytes either presenting
with macroscopically visible tumour development (Visible Tumours) or not (No Tumours) at 6 weeks
post infection with 10° GRU WT, 3AKO, 3CKO or E3KO recombinant EBV was assessed by flow
cytometry. (C and D) As with A and B but splenic lymphocytes assessed. Each data point represents a
single humanised mouse and horizontal bars represent the mean and standard deviation.

5.2.2.4. Humanised mice infected with recombinant EBV exhibit enhanced splenomegaly

and elevated levels of proliferating cells when the EBNA3 proteins are functional

It has previously been established that infection of hu-mice with WT EBV can result in
splenomegaly (Strowig et al., 2009). Therefore, this was used as an assessment of EBV pathogenesis
in hu-mice infected with recombinant EBV lacking the EBNA3 and EBNA3C oncogenes. Splenomegaly

was assessed by the weight of the spleen in comparison to the total weight of the individual mouse.
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Mice with a spleen weight percentage greater than the average of uninfected ‘MOCK’ mice were
considered as having splenomegaly. Splenomegaly is characteristic of infection of hu-mice with WT
EBV where EBNA3 proteins are functional. As expected, splenomegaly was seen in a number of WT
infected hu-mice, with spleen weights significantly higher than uninfected ‘MOCK’ mice. Overall,
spleen sizes were not significantly increased in hu-mice infected with 3AKO, 3CKO and E3KO EBV
compared to uninfected mice. However, splenomegaly was seen in some of these EBNA3-deficient
EBV infected mice, indicating EBV-mediated pathology (Figure 5.13). Across all infections, there were
mice exhibiting no splenomegaly, with spleen weight ratios comparable to those of uninfected ‘MOCK’

mice.
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Figure 5.13. WT recombinant EBV infected humanised mice exhibit splenomegaly. Spleen weight as
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a percentage of total body weight of humanised mice 6 weeks post infection with 10° GRU WT (n=20),
3AKO (n=15), 3CKO (n=15) or E3KO (n=15) recombinant EBV. Non-infected control humanised mice
(‘MOCK’, n=13) are also shown. Each data point represents a single humanised mouse and horizontal
bars represent the mean and standard deviation. Statistical significance was assessed by an unpaired
t-test with Welch’s correction, a p value of <0.05 was considered significant (*).

Further assessment of the spleens of hu-mice infected with recombinant EBV was performed
by immunohistochemistry. Sections of spleens were fixed in formaldehyde and mounted onto slides
before staining for the B cell marker CD20, the proliferation marker Ki67 and the EBV latent protein

EBNA2.
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Assessment of the surface marker CD20 confirmed high numbers of B cells within the spleens
of all hu-mice infected with recombinant EBV, with a slightly higher level seen in mice infected with
WT EBV where the EBNA3A and EBNA3C oncogenes were functional. Furthermore, there was evidence
of proliferating cells in the spleens of all mice infected with recombinant EBV, again with a modestly
elevated level in hu-mice infected with WT recombinant EBV (Figure 5.14). However, it was not
established whether the CD20 B cells or proliferating Ki67 expressing cells were EBV positive.

As expected, EBNA2 positive cells were readily identified in the spleens of hu-mice infected
with WT recombinant EBV. However, low levels of EBNA2 expressing cells were also identified in the
spleens of mice infected with recombinant EBV lacking the EBNA3A (3AKO) or EBNA3C oncogenes
(3CKO), or the entire EBNA3 locus (E3KO) (Figure 5.14). These cells were much rarer than when
EBNA3A and EBNA3C were functional in mice infected with WT EBV, indicating persistence is
enhanced when EBNA3 proteins are expressed. Nevertheless, the presence of EBNA2 positive cells in
the spleens of hu-mice infected with 3AKO, 3CKO and E3KO indicate EBV can persist in the absence of

the EBNA3 oncogenes for 6 weeks in this model.
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Figure 5.14. Immunohistological analysis of splenic sections from humanised mice infected with
recombinant EBV viruses. Representative immunohistochemistry staining for CD20, Ki67 and EBNA2
in splenic sections isolated from humanised mice 6 weeks post infection with 10° GRU WT, 3AKO, 3CKO
or E3KO recombinant EBV. Spleen sections from an uninfected ‘MOCK’ mouse is shown for
comparison. A magnification of 20x for CD20 and Ki67 positive cells and 40x for EBNA2 positive cells
is shown.
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5.2.2.5. Celllines can only be derived ex vivo from the spleens of humanised mice infected
with EBV where EBNA3A and EBNA3C are functional

It has previously been established that EBV positive cells derived from WT EBV infected hu-
mice can be grown out ex vivo to produce continuously proliferating LCLs (Strowig et al., 2009; White
et al., 2012). In vitro cells infected with recombinant EBV with deleted or conditionally inactive
EBNA3C are unable to establish LCLs, and EBNA3A-null cell lines exhibit reduced proliferative capacity
(Bazot et al., 2015; Hertle et al., 2009; Maruo et al., 2003, 2006; Skalska et al., 2013). However, EBV
positive cells were identified in the spleens of hu-mice infected with EBV lacking EBNA3A, EBNA3C or
all three EBNA3 proteins at 6 weeks pi. Therefore, the ability of EBV infected cells from hu-mice
infected with EBV with deletions in EBNA3A and/or EBNA3C to produce LCLs following ex vivo culturing
of lymphocytes was assessed.

Splenic and peripheral blood lymphocytes derived from hu-mice infected with recombinant
EBV were isolated on ficoll gradients and cultured to assess outgrowth of LCLs. Cyclosporin A was used
to inhibit T cell activity. There was no cell expansion in any cells isolated from the peripheral blood of
recombinant EBV infected humanised mice, likely as a result of low numbers of infected human
CD19*"¢ cells (data not shown). However, approximately 70% of cell cultures derived from the spleens
of humanised mice infected with WT recombinant EBV (where EBNA3 proteins are functional)
expanded in culture, with cells exhibiting clumping characteristic of EBV transformation and LCL
development. Of these cells around half expanded to establish continuously proliferating LCLs,
guantified as expansion to over 10 ml of continually proliferating culture (Figure 5.15A). Western blot
analysis of extracts from WT LCL derived from the hu-mice demonstrates expression of EBV latency-
associated proteins in these cell lines (Figure 5.15B). No LCL-like cell clumping was evident in splenic
lymphocytes isolated from humanised mice infected with either 3AKO, 3CKO or E3KO recombinant
EBV, despite the presence of splenic tumour development and presence of proliferating and EBNA2

positive cells in the spleen (Figure 5.15A). This indicates endogenous factors in vivo may help facilitate
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survival of EBV-infected cells without the EBNA3A and/or EBNA3C oncogenes, as cells are unable to

survive in culture ex vivo.
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Figure 5.15. Ex vivo outgrowth of B cells derived from the spleens of humanised mice only occurs
following infection with WT recombinant EBV. (A) Frequency of ex vivo outgrowth of B cells derived
from the spleens of humanised mice 6 weeks post infection with 10° GRU WT (n=18), 3AKO (n=14),
3CKO (n=14) or E3KO recombinant EBV (n=14). Non-infected control humanised mice (‘MOCK’, n=13)
are shown for comparison. Initial cell clumping was assessed by light microscopy and LCL outgrowth
refers to cell expansion to over 10 ml of LCL culture. (B) Expression of EBV latency-associated proteins
EBNA1, EBNA2, EBNA3A, EBNA3B, EBNA3C, EBNA-LP and LMP1 was demonstrated by western blotting
extracts from LCL derived from the spleens of humanised mice 6 weeks post infection with WT
recombinant EBV. In each blot y-tubulin was used as a loading control and was similarly consistent
across all blots. Statistical significance assessed by Fischer’s Extact test, a p value of <0.0001 was
considered highly significant (****).

Of the hu-mice infected with recombinant WT EBV, where splenic lymphocytes grew out ex
vivo, outgrowth of continuously proliferating LCLs correlated with higher engraftment of human
CD45*"¢ lymphocytes in the peripheral blood of mice at the point of sacrifice (Figure 5.16A).
Engraftment of human lymphocytes in the spleen was consistently high in the majority of hu-mice
(Figure 5.16B). LCLs were also more likely to grow out ex vivo from WT recombinant EBV-infected hu-

mice with higher levels of human CD19"¢ cells in the peripheral blood and particularly the spleen
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(Figure 5.16 C/D). Furthermore, all but one of the B cell cultures derived from the spleens of hu-mice
exhibiting macroscopically visible EBV-mediated tumour development led to LCL-like clumping. In
most cases lymphocytes isolated from the spleen of a hu-mouse exhibiting splenic tumour
development led to full LCL outgrowth ex vivo. However, there was still outgrowth of B cells derived
from the spleens of hu-mice not presenting with macroscopically visible tumour development (Figure
5.16E). This indicates either tumour development that was not macroscopically visible in these mice,
or EBV infected splenic B cells had oncogenic potential but had not yet developed into tumours. In
addition, in some cases LCL outgrowth was seen in cells derived from the spleens of mice where EBV
DNA was not identified by qPCR. The presence of EBV latency associated proteins (identified by
western blot) indicates either an issue with assessment of EBV infection by qPCR of the BALF5

polymerase, or limits in the detection of EBV DNA using this method.
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Figure 5.16. Ex vivo outgrowth occurs more frequently when B cells are derived from the spleens of
WT EBV infected humanised mice with higher levels of human lymphocytes. Percentage of human
CD45™¢ (A, B) and CD45*¢ CD19*¢(C, D) lymphocytes in the peripheral blood and spleen (as indicated)
of humanised mice infected with 10° GRU WT recombinant EBV for 6 weeks. B cells were isolated from
the spleens of these animals and assessed for cell expansion to continuously proliferating LCLs (LCL
outgrowth, n=8) or no LCL-like clumping or expansion (No outgrowth, n=5). Cells which initially
expanded but did not produce an LCL are not shown. CD45 and CD19 levels were assessed by flow
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cytometry. Each data point represents a single humanised mouse and horizontal bars represent the
mean and standard deviation. (E) Frequency of LCL outgrowth, initial cell clumping or no outgrowth
from splenic lymphocytes isolated from humanised mice infected with 10° GRU WT recombinant EBV
for 6 weeks either presenting with macroscopically visible tumours (Visible tumours) or not (No
tumours).

5.2.2.6. Infection of humanised mice with recombinant EBV lacking EBNA3A and EBNA3C
can lead to expansion of CD8*V¢ T cells

Infection of hu-mice with WT EBV has been shown to result in expansion of human CD8*¢ T
cells (Murer et al., 2018; Traggiai et al., 2004; White et al., 2012). Therefore, the levels of T cells in the
peripheral blood and spleens of one cohort of hu-mice infected with recombinant EBV lacking the
EBNA3A and EBNA3C oncogenes were assessed by flow cytometry.

The percentage of human CD45"¢ lymphocytes that were CD3*® varied among the
recombinant EBV infected and uninfected hu-mice in the cohort of mice assessed, with considerable
mouse-dependent distribution (Figure 5.17A/B). However, the mean percentage of CD3*'¢ cells that
were CD4*¢ was reduced in hu-mice infected with WT recombinant EBV compared to uninfected
‘MOCK’ mice, and there were individual mice infected with either 3AKO, 3CKO or E3KO which also
exhibited reduced percentages of CD4* cells (Figure 5.17C/D). The lower level percentage of CD3*"¢
CD4™¢ cells was reflected in the increased percentage of CD3*'¢ CD8*"¢ cells in several hu-mice infected
with WT recombinant EBV and in some mice following EBV infection where EBNA3A, EBNA3C or the
entire EBNA3 locus was deleted (Figure 5.17E/F). Furthermore, the average level of CD8™T cells was
largely consistent between the peripheral blood and the spleen. In comparison to EBV infected hu-
mice, uninfected ‘MOCK’ mice exhibit relatively low levels of CD8*¢ T cells in both the peripheral blood
and spleen. The expansion of CD8*¢ T cells in the EBV infected mice could indicate a possible cellular
immune response against 3AKO, 3CKO and E3KO recombinant EBV infection is being mounted,
mirroring that of WT EBV infected mice. The average levels of CD8™¢ cells were slightly higher in mice

infected with WT EBV, especially in the blood, indicating a stronger immune response may be
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mounted when the EBNA3A and EBNA3C oncogenes are functional. This is consistent with evidence

that EBNA3A and EBNA3C epitopes are targeted by human cytotoxic T cells (Khanna et al., 1992).
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Figure 5.17. Hu-mice infected with recombinant EBV lacking the EBNA3 oncogenes can induce a
cellular immune response. Percentage of CD3*¢ (A,B) CD3**CD4*¢ (C,D) and CD3**CD8*"®* human
CD45"¢ lymphocytes in the peripheral blood or spleen (as indicated) of humanised mice infected with
10° GRU of WT (n=7), 3AKO (n=7), 3CKO (n=6) or E3KO (n=6) recombinant EBV for 6 weeks. Uninfected
mice are shown as a comparison (‘MOCK’, n=9). Human CD45, CD3, CD4 and CD8 levels were assessed
by flow cytometry. Each data point represents a single humanised mouse and horizontal bars
represent the mean and standard deviation.
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Consistent with enhanced EBV-mediated pathology, the average level of CD8*¢ cells in the
peripheral blood and the spleen in EBV infected hu-mice was elevated in mice presenting with
macroscopically visible splenic tumours across all infections, compared to uninfected ‘MOCK’ mice

and EBV-infected hu-mice not presenting with visible tumours (Figure 5.18).
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Figure 5.18. Mice exhibiting EBV-mediated tumour development have elevated levels of CD8*¢ T
cells. Percentage of CD3*™¢ CD8**human lymphocytes in the peripheral blood (A) and spleen (B) of
humanised mice infected with 10° GRU of WT, 3AKO, 3CKO or E3KO recombinant EBV for 6 weeks
presenting with macroscopically visible tumour development (Visible tumours) or not (No tumours).
Uninfected mice are shown as a comparison (‘MOCK’). Human CD45, CD3 and CDS8 levels were
assessed by flow cytometry. Each data point represents a single humanised mouse and horizontal bars
represent the mean and standard deviation.

5.2.2.7. Phenotypic analysis of B cell composition in humanised mice infected with EBV
The EBV life cycle is intimately linked with B cell biology. The GC model of EBV persistence

suggests EBV infected cells transition through GC lymphoid structures and differentiate into MBC that
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latently carry EBV as extra-chromosomal episomes (Babcock et al.,, 1998; Roughan and Thorley-
Lawson, 2009). Furthermore, infection of CD19"¢ primary B cells with EBV in vitro has demonstrated
EBNA3A and EBNA3C repress the B cell to PC differentiation pathway likely as a mechanism to favour
MBC differentiation and long-term persistence [(Styles et al., 2017); see Chapter IV]. Therefore, the
composition of B cell populations in hu-mice infected with WT, 3AKO, 3CKO or E3KO recombinant EBV
was assessed by flow cytometry. This was performed at a later stage in the study, therefore only a
subset of mice was assessed.

Phenotypic analysis of the B cell composition in the peripheral blood of infected mice was
inhibited due to low levels of human CD19* cells. Therefore, analysis was focused on lymphocytes
isolated from the spleen of hu-mice infected with recombinant EBV. Splenic tissue was mechanically
disrupted, and lymphocytes isolated by ficoll gradients prior to flow cytometric analysis for human B
cell surface markers.

Cells positive for human CD45 were assessed for the percentage of CD19* cells (Figure
5.19A), which was variable within both EBV infected and uninfected ‘MOCK’ mice. Subsequent analysis
of B cell surface markers to assess B cell populations was performed on these gated CD19*"¢ cells.
Where less than 20% of the human lymphocytes identified were CD19¢, hu-mice were excluded from
analysis as the low numbers could skew population percentages. However, this did reduce the number
of mice within the analysis. The levels of CD19*"¢ cells were higher across all recombinant EBV infected
hu-mice compared to uninfected ‘MOCK’ mice, possibly because of EBV-induced expansion of CD19™¢
B cells. This subsequently hampered the phenotyping of B cell populations in uninfected ‘MOCK’ mice,
as CD19* cells numbers were lower.

The majority of B cells isolated from the spleens of humanised mice both infected with
recombinant EBV and uninfected mice were largely either transitional B cells (identified as CD24"en
and CD38"&" human lymphocytes) or were naive B cells (identified as CD27"¢ and IgD*® human
lymphocytes) (Figure 5.19B/C). The dominance of immature transitional and naive B cells in these hu-

mice mirrors results in other humanized mouse models, as B cells in hu-mice are known to be severely
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limited in their ability to undergo class switching and affinity maturation due to a lack of human
secondary lymphoid organs (Jangalwe et al., 2016; Seung and Tager, 2013; Watanabe et al., 2009).
Corresponding with these findings, no MBC (classified as CD27*¢ and IgD*'¢) were identified in the
uninfected or EBV recombinant infected hu-mice in this study (data not shown). This presents an issue
in assessing EBV infection in vivo as the current model suggests EBV persistence in humans occurs in
the MBC population.

Extremely low levels of plasmablast or PC characterised as CD38"&" and CD138"¢ were
identified in the majority of the hu-mice, with a small number of mice presenting with higher
percentages of plasmablast or plasma cells, possibly skewed by low cell numbers (Figure 5.19D). These
are likely short-lived PC due to the absence of GC maturation required for long-lived PC development.
Cell numbers were not used due to the differing amounts of lymphocytes and B cells isolated from the
spleens of different mice. There were no considerably elevated levels of plasmablasts or PC in E3KO
infected hu-mice compared to hu-mice infected with EBV with functional EBNA3 proteins, despite
evidence EBNA3 proteins repress the PC differentiation pathway (Styles et al., 2017). However, this
could be a result of the limited ability of B cells to mature in humanised mice. It is possible EBV-
mediated repression of PC differentiation is more important during the GC reaction which is not
modelled in these mice.

Overall, there did not appear to be a difference in B cell populations between hu-mice infected
with WT, compared to hu-mice infected with 3AKO, 3CKO or E3KO recombinant EBV or uninfected
‘MOCK’ mice. This suggests EBV does not affect the composition of B cell populations within the limits
of this hu-mice model. Hu-mice models with advanced maturation of B cell populations, with
secondary lymphoid organ development, may reveal EBV-associated B cell population diversity.

The overall distribution of B cell populations within these mice can be established by flow
cytometry. However, the presence or absence of EBV infection within these B cells was not
determined in the same manner. Therefore, gating of solely EBV positive cells was not possible.

Presence of viral DNA and EBNAZ2 positive cells in the spleen and associated EBV pathology acts as an
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assumption of successful EBV infection in these hu-mice. Advanced flow cytometric techniques to
identify viral DNA alongside cell surface markers would enable analysis of the phenotypic analysis of

B cells infected with EBV in humanised mice.
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Figure 5.19. B cell populations in humanised mice infected with recombinant EBV lacking EBNA3
proteins. CD19*¢ B lymphocytes (A), transitional B lymphocytes (CD19*'¢, CD24"&" and CD38"e", B)
naive B lymphocytes (CD19*¢, CD27"¢, IgD*'¢, C) and plasmablasts/plasma cells (CD19*¢ CD38*"¢
CD138*¢, D) as a percentage of live human CD45*¢ lymphocytes in the spleen of humanised mice
infected with 10° GRU of WT, 3AKO, 3CKO or E3KO recombinant EBV for 6 weeks. Uninfected mice are
shown as a comparison (‘MOCK’). Each data point represents a single humanised mouse and
horizontal bars represent the mean and standard deviation. Cell surface markers were assessed by

flow cytometry.
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5.2.3. Determining the viability of using conditional ERT2 recombinant EBV

viruses in humanised mice

Following successful analysis of hu-mice infected with EBV recombinant viruses containing
EBNA3 deletions, the feasibility of using conditional ERT2 recombinant viruses in hu-mice was
assessed. This was performed as a small-scale proof of concept experiment, as hu-mice have not
previously been infected with ERT2 recombinant EBV viruses before. Therefore, only one small cohort
of mice was used to establish feasibility of this system in vivo. This does therefore limit specific and

robust conclusions. As a result of the small sample size statistical significance was not calculated.

5.2.3.1. Determining the viability of using tamoxifen-impregnated food

Following infection with ERT2 recombinant EBV, functional expression of the conditional
protein relies upon introduction of HT. HT stabilises the fusion protein, allowing nuclear localisation
and subsequent functional expression of the conditional fusion protein. In vitro, cells are exposed to
HT to permit functional expression of conditional proteins, in the hu-mice TMX-food was utilized.
Tamoxifen is metabolised in the liver of the mice to produce HT. It was hypothesised consumption of
TMX-food and therefore HT would result in functional expression of the conditional protein and
therefore a WT infection-like phenotype. The conditional ERT2 viruses that were generated in the lab
used an ER that is not bound by endogenous mouse tamoxifen, enabling their use in vivo (Feil et al.,
1997).

To acclimatise mice and determine predicted weight loss due to aversion to the TMX-food a
feeding trial was performed prior to infection. Mice steadily lost weight over the first 4 days of
ingesting TMX-food, such that severity levels were approached (15% loss of body weight). Regular
food resumed over the next 2 days, which facilitated return to approximately the original weight prior
to TMX-food (Figure 5.20, grey area). Upon replacement of regular food with TMX-food a second time,
the weight of the mice dropped again but at a more rapid rate than seen previously. When food was

weighed to determine how much was being consumed, the level of consumption of TMX-food was
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seen to be negligible and far below that of food consumed in cages fed regular feed (data not shown).
To increase palatability of TMX-food, it was mixed with water and placed in the bases of cages. This
led to weight increase in approximately half of the mice and continued weight loss in the remaining
mice. This suggests some, but not all, mice responded well to the wet food. To encourage sustained
weight, alongside administration of tamoxifen, regular food and TMX-food were mixed 50:50 in water
and placed in the base of the cage. Mice responded well to this food mix, but regular food was
administered 2 days a week to allow weight recovery. Following stability of their weight on wet mix

TMX-Food, hu-mice were infected with recombinant EBV viruses.
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Figure 5.20. Humanised mice exhibit extensive weight loss when fed tamoxifen-impregnated food.
Mice were weighed before introduction to tamoxifen-impregnated food (red, TMX-Food) and then
weighed daily to evaluate percentage loss or gain of weight. To ensure weight gain, mice were fed
regular food on select days (grey area). Wet food was started at 8 days post introduction of TMX-food
(green dashed line). Mice fed regular food are shown for comparison (blue). Lines represent the mean
weight percentage. Error bars represent standard deviation.
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5.2.3.2. Weight analysis of humanised mice infected with conditional ERT2 recombinant
EBV viruses

To assess the use of conditional EBV recombinant viruses in vivo, hu-mice were infected with
10° GRU of 3AERT2 whereby functional expression of EBNA3A is conditional upon the presence of the
activating ligand HT. Half of the mice were not exposed to the activating ligand and fed regular mouse
feed; the other half of the mice were exposed to tamoxifen (metabolised to HT in the liver) through
the introduction of TMX-food. Uninfected ‘MOCK’ hu-mice and hu-mice infected with 10° GRU WT
recombinant EBV were used as controls, with half fed with regular feed and half with TMX-food.

There was no notable difference in weight between EBV infected or uninfected ‘MOCK’ mice
when fed regular food (Figure 5.21). As seen during previous experiments of KO-infected mice (Section
5.2.2.1), there was modest weight gain over the course of the experiment. However, weight of mice
fed TMX-food was erratic, likely due to aversion to the modified feed and intermittent re-introduction
of regular food. There was no notable difference in the weight of uninfected (‘MOCK’) mice fed TMX-
food, to those infected with EBV and fed TMX-food (Figure 5.21), indicating weight changes across the
6-week infection was likely a result of food consumption, rather than disease burden. As weight loss
could not be used as a measure of overall health, mice were inspected daily for signs of ill-health, such

as isolation and hunched posture.
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Figure 5.21. Humanised mice infected with recombinant EBV do not exhibit weight loss unless fed
tamoxifen-impregnated food. Mice were weighed before the experiment and infected with 10° GRU
WT or 3AERT2 recombinant EBV and every 1-2 days until sacrifice at 6 weeks post infection. Mice were
fed either regular food (-) or tamoxifen-impregnated food (+) as indicated. For weight maintenance,
mice were fed regular food on weekends. Weight of mice was evaluated as a percentage loss or gain
from the weight at the start of infection. Lines represent the mean weight percentage change of mice
in each category. Error bars represent standard deviation. Uninfected ‘MOCK’ mice are shown for
comparison.

5.2.3.3.  Splenic viral load in humanised mice infected with 3AERT2 conditional viruses is

elevated when mice are exposed to tamoxifen, indicating functional EBNA3A
expression

As a measure of EBV infection, DNA was extracted from the blood and spleen of hu-mice

infected with WT or 3AERT2 at sacrifice (6 weeks pi) and qPCR for the EBV conserved gene BALF5

performed. No viral DNA was identified in the blood of mice infected with 3AERT2 (data not shown).

This is likely a result of the small sample size, as viral DNA was only identified in blood of only a few

mice infected with 3AKO (see Section 5.2.2.2).
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Of the 6 hu-mice infected with 3AERT2 recombinant for 6 weeks and fed TMX-food, one
exhibited a notably higher level of EBV DNA than mice fed regular food and infected with the same
EBV recombinant virus (Figure 5.22). This suggests the TMX-food may be inducing functional
expression of the conditional EBNA3A, as the higher level indicates a more WT-like phenotype. Only 2
mice infected with the 3AERT2 EBV without exposed to tamoxifen had identifiable EBV DNA, and at
low levels, consistent with the 3AKO infected mice. The average level of EBV genomes were largely
consistent in hu-mice infected with WT recombinant EBV and either fed regular food or TMX-food,

with one mouse fed regular food exhibiting elevated levels of EBV DNA.
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Figure 5.22. Tamoxifen can induce higher viral loads in the spleen of 3AERT2 infected hu-mice. EBV
DNA genome copies in the splenic tissue of humanised mice infected with 10° GRU 3AERT2 or WT
recombinant EBV and fed either regular food or tamoxifen impregnated food (TMX-Food) for 6 weeks.
EBV genome copies were determined by qPCR of 200 ng of DNA purified from peripheral blood or
splenic tissue. Recombinant EBV-infected mice with no detectable EBV DNA were not plotted.
Horizontal bars represent the mean and standard deviation.

5.2.3.4. Tamoxifen-mediated conditional activation of EBNA3A in humanised mice
infected with 3AERT2 recombinant EBV results in elevated tumour development

Consistent with functional EBNA3A expression and therefore a WT EBV phenotype,

macroscopically visible splenic tumours were identified at a much higher frequency when hu-mice

259



were fed TMX-food following infection with 3AERT2 conditional recombinant EBV compared to mice
with inactive EBNA3A (Figure 5.23). The number of hu-mice infected with 3AERT2 in the presence of
tamoxifen presenting with visible tumour development was comparable to mice infected with WT EBV
but not exposed to tamoxifen. In contrast, reduced tumour development was seen in mice infected
with WT EBV that were not exposed to tamoxifen, which is likely a reflection of the lower viral load
seen in these mice, or an artefact of the small cohort size (Figure 5.22).

Although it appears the introduction of tamoxifen through feed is inducing a WT EBV
phenotype through activation of EBNA3A, tumour development was also seen in uninfected mice
(‘MOCK’) when fed with TMX-Food. No tumour development had previously been seen in any
uninfected ‘MOCK’ mice in previous experiments, when mice were not exposed to exogenous
tamoxifen (n=13). This suggests that tamoxifen may be inducing tumour development in these mice.
However, this contrasts the slight decrease in tumour development in WT EBV infected mice exposed
to tamoxifen (although this could be attributable to the small sample size). Further experiments with
a second cohort of mice may help illuminate whether tamoxifen is adversely affecting the hu-mice, or
whether the small sample size is skewing these results. The presence of tumour development in the
absence of EBV DNA in these ‘MOCK’ mice indicates that the use of TMX-food in this mouse model
may not be suitable. Alternative methods of introducing HT or alternative conditional systems may be

required to analyse EBNA3 proteins in a conditional manner in vivo.
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Figure 5.23. Tumour development in humanised mice infected with 3AERT2 recombinant EBV is
elevated when tamoxifen is consumed. Frequency of macroscopically visible splenic tumour
development in humanised mice 6 weeks post infection with 10° GRU of WT or 3AERT2 recombinant
EBV and fed either regular food or tamoxifen-impregnated food (TMX-Food). Non-infected control
humanised mice (‘MOCK’) are also shown. TMX-food; 3AERT2 n=5/6, WT=2/6, MOCK=2/5. Regular
food; 3AERT2=2/5, WT=4/6, MOCK= 0/6.

5.2.3.5. Humanised mice infected with 3AERT2 conditional recombinant EBV exhibit
elevated splenomegaly when EBNA3A is activated by exposure to tamoxifen

As a measure of EBV-associated pathology, splenomegaly was assessed in hu-mice infected
with WT or 3AERT2 recombinant EBV for 6 weeks. When EBNA3A was assumed functionally active by
the presence of tamoxifen following consumption of TMX-food, the average level of splenomegaly
was notably higher than in hu-mice infected with the same 3AERT2 virus but not exposed to
tamoxifen, and therefore presumed EBNA3A-null (Figure 5.24). Furthermore, consistent with the
infection of mice with 3AKO, (see Section 5.2.2.4), one mouse did present with notable splenomegaly

when EBNA3A was functionally inactive.
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The level of splenomegaly in hu-mice infected with 3AERT2 EBV for 6 weeks was consistent
with WT EBV-infected mice in the absence of TMX-food. This indicates that EBNA3A was indeed
functional when TMX-food was consumed, resulting in a WT EBV-like infection phenotype. However,
WT EBV-infected hu-mice exposed to tamoxifen did not exhibit splenomegaly with levels consistent
with uninfected ‘MOCK’ mice with levels far lower that WT EBV infected hu-mice not exposed to
tamoxifen (Figure 5.24). This is likely a result of the lower incidence of tumour development and lower

viral loads seen in these hu-mice, and could be attributable to the small sample size assessed.
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Figure 5.24. Splenomegaly in humanised mice infected with WT or 3AERT2 recombinant EBV in the
presence and absence of tamoxifen. Spleen weight as a percentage of total body weight of humanised
mice 6 weeks post infection with WT or 3AERT2 recombinant EBV and fed either regular food or
tamoxifen-impregnated food (TMX-Food). Non-infected control humanised mice (‘MOCK’) are also
shown. Each data point represents a single humanised mouse. Horizontal bars represent the mean.

5.2.3.6. Cell lines can be derived from the spleens of humanised mice infected with ERT2

conditional EBV in the presence of tamoxifen
It has previously been established that splenic lymphocytes derived from hu-mice infected
with WT EBV can expand in culture and result in a continuously proliferating LCL [this study; (Strowig

et al., 2009; White et al., 2012)]. Therefore, the ability of lymphocytes isolated from the spleens of hu-
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mice infected with recombinant EBV with conditional expression of EBNA3A for 6 weeks to expand ex
vivo was assessed. Spleens were mechanically disrupted, and lymphocytes were isolated by ficoll
gradients then seeded to assess outgrowth in the presence of Cyclosporin A to inhibit T cell activity.
Cells isolated from hu-mice infected with EBV with conditional expression of EBNA3A (3AERT2) only
expanded in culture when hu-mice had been exposed to the activating ligand HT through consumption
of TMX-food (Figure 5.25). Cells derived from half of the 3AERT2-infected mice in the presence of
tamoxifen exhibited cell clumping characteristic of LCLs and EBV-mediated B cell transformation.
Furthermore, cells isolated from one hu-mice infected with 3AERT2 recombinant EBV developed into
a continuously proliferating LCL consistent with a WT EBV infection. Cells were classified as
progressing to LCLs when they expanded to over 10 ml of continuously proliferating culture. This
further indicates that the infection of hu-mice with 3AERT2 exposed to tamoxifen through TMX-food
have induced functional expression of the conditional EBNA3A. This therefore allows ex vivo the
outgrowth of splenic B cells characteristic of WT EBV infection.

B cells isolated from hu-mice infected with the conditional 3AERT2 and fed regular food did
not expand in culture in either the presence or absence of HT. This resembles infection of hu-mice
with 3AKO whereby EBNA3A is deleted, where no outgrowth of splenic lymphocytes was evident (see
Section 5.2.2.5).

As expected, cells derived from the spleens of hu-mice infected with WT recombinant EBV
and either exposed to, or not exposed to, tamoxifen expanded in culture with some exhibiting LCL-

like clumping and others progressing into continuously proliferating LCLs (Figure 5.25).
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Figure 5.25. Ex vivo outgrowth of B cells derived from the spleens of humanised mice infected with
an 3AERT2 conditional recombinant EBV virus when EBNA3A was functional. (A) Frequency of ex
vivo outgrowth of B cells derived from the spleens of humanised mice 6 weeks post infection with WT
or 3AERT2 recombinant EBV grown in the presence of 4-hydroxytamoxifen (+). Non-infected control
humanised mice (‘MOCK’) are also shown. Initial cell clumping was assessed by light microscopy and
LCL outgrowth refers to cell expansion to over 10 ml of LCL culture.

5.2.3.7. T cell populations in humanised mice infected with EBV with conditional

expression of EBNA3A

As a measure of a possible EBV-mediated immune response, the level of CD4 and CD8*¢T cells
in mice infected with WT or 3AERT2 recombinant EBV was assessed by flow cytometry. The level of
CD3*™¢ T cells in the peripheral blood and spleens of hu-mice was variable between mice irrespective
of EBV infection, or consumption of TMX-food (Figure 5.26).

The percentage of CD8*"¢ T cells in the blood and spleen was elevated in WT and 3AERT2
recombinant EBV-infected hu-mice compared to uninfected ‘MOCK’ mice fed regular food (Figure
5.26E/F). However, the level of CD8™¢ T cells in uninfected mice fed TMX-food was comparable to
EBV-infected mice. This may be a result of the EBV-independent tumour development seen in these

mice, but prevents the firm conclusion of EBV-mediated increase of CD8"¢ T cells in mice fed TMX-
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food. Furthermore, despite elevated levels of viral DNA and tumour development, and therefore
assumed EBV-induced disease in hu-mice infected with 3AERT2 with conditionally active EBNA3A
(TMX-food) compared to those with inactive EBNA3A (regular food), there was no significant

difference in the level of CD8™¢T cells. A larger sample size may reveal a more conclusive result.
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Figure 5.26. Hu-mice infected with recombinant EBV with conditional EBNA3A can induce a cellular
immune response. Percentage of CD3*¢ (A,B) CD3*CD4*"¢ (C,D) and CD3*°CD8"¢ (E,F) human
CD45*¢ lymphocytes in the peripheral blood or spleen (as indicated) of humanised mice infected with
10° GRU of WT or 3AERT2 recombinant EBV for 6 weeks. Uninfected mice are shown as a comparison
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(‘MOCK’). Mice were fed either regular food or tamoxifen-impregnated food (TMX-Food). Human
CD45, CD3, CD4 and CD8 levels were assessed by flow cytometry. Each data point represents a single
humanised mouse and horizontal bars represent the mean and standard deviation.

5.3. Summary

This chapter details the establishment of a mouse model system with human immune system
components in which to study the human-tropic virus EBV. Injection of human CD34*¢ cells into new
born mice led to adult hu-mice expressing human CD45*¢ lymphocytes, including CD19*¢ B cells and
CD3*™¢ T cells in the peripheral blood and spleen.

The hu-mice model was permissive to EBV infection, and EBV was shown to persist in hu-mice
for 6 weeks, even when mice were infected with EBV recombinant viruses deficient in EBNA3A,
EBNA3C or the entire EBNA3 locus. Over the course of the 6-week infection, EBV DNA could be
identified in the blood of some mice infected with WT, 3AKO, 3CKO and E3KO recombinant EBV.
Unexpectedly, the highest levels of EBV DNA were identified in the blood of mice infected with E3KO
at 5 weeks pi, where the entire EBNA3 locus (including the oncogenic EBNA3A and EBNA3C) were
absent. However, at the point of sacrifice (6 weeks pi), EBV DNA levels in the blood and spleen were
identified at a higher frequency in WT infected mice (and at higher levels) indicating a loss of EBV
infected cells in E3KO infected hu-mice.

Analysis of the spleen and blood at the point of sacrifice showed infection of hu-mice with
recombinant EBV lacking either EBNA3A, EBNA3C or the entire EBNA3 locus could lead to tumour
development and splenomegaly in some mice, as well as elevated levels of CD8™¢ T cells. However,
the frequency of these aspects of disease were lower than those found in hu-mice infected with WT
recombinant EBV where all EBNA3 proteins were functional. Furthermore, only splenic lymphocytes
derived from mice infected with WT EBV exhibited LCL outgrowth ex vivo.

Hu-mice were also used in a small-scale experiment to assess the viability of using conditional
recombinant EBV jn vivo. The conditional EBNA3 proteins requires HT for stabilisation and subsequent

function expression. Therefore TMX-food was utilized, as tamoxifen is metabolised in mice to produce
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the activating ligand HT. Mice were infected with 3AERT2 recombinant EBV (or WT EBV as a control),
and half exposed to the activating ligand through consumption of TMX-food. Mice infected with the
conditional 3AERT2 virus exhibited elevated tumour development and higher EBV viral load when
TMX-food was consumed, with a modest elevation in splenomegaly. Consistent with a WT phenotype,
splenic lymphocytes isolated from 3AERT2 infected hu-mice exposed to tamoxifen exhibited LCL-like
outgrowth ex vivo, whereas cells derived from hu-mice not exposed to tamoxifen did not. However,
uninfected mock mice also presented with tumours following consumption of tamoxifen, indicating
consumption of tamoxifen independent of EBV could be tumorigenic, and therefore has the potential

to skew results.

5.4. Discussion

5.4.1. EBV persistence in the absence of EBNA3 proteins contrasts their
central roles in B cell transformation in vitro and their role in

favouring latency in memory B cells

Contrary to the requirement of EBNA3A and EBNA3C for efficient transformation of CD19*¢B
cells, and maintenance of LCLs in vitro (Bazot et al., 2015; Hertle et al., 2009; Maruo et al., 2003, 2006,
Skalska et al., 2010, 2013; Tomkinson et al., 1993), EBV was shown to persist in hu-mice for 6 weeks
in the absence of the EBNA3A and EBNA3C oncogenes, and the absence of the entire EBNA3 locus.

Infection of hu-mice with 3AKO and 3CKO recombinant EBV led to identifiable EBV DNA in the
peripheral blood and spleen of a number of mice (Figure 5.9 and 5.10), alongside EBNA2 positive cells
in the spleen (Figure 5.14), indicating viral persistence in the absence of the EBNA3A and EBNA3C
oncogenes for 6 weeks in hu-mice. This is consistent with Murer et al., who infected an NSG hu-mice
model with 3AKO and 3CKO but used a higher viral titre compared to this study (10® GRU for 3AKO
and 3CKO EBV viruses but 10° GRU for WT, compared to 10° GRU for all viruses in this study). This
enabled detection of EBV DNA more clearly and strengthened the phenotype (Murer et al., 2018).

Consistent with their study, EBV DNA was identified as a significantly higher level in both the blood
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and spleen in WT infected mice, compared to mice infected with the KOs. This indicated infection is
more productive when the oncogenic EBNA3 proteins are present.

Infection of hu-mice with EBV lacking the entire EBNA3 locus has not previously been
performed. Identification of EBV DNA and EBNA2 positive cells in the spleen, with associated tumour
development and splenomegaly, in some hu-mice infected with E3KO indicates EBV can also persist
for 6 weeks without all three EBNA3 proteins. Unexpectedly, the highest levels of EBV DNA were
identified in mice infected with E3KO at 5 weeks pi, with levels in 2 hu-mice clearly exceeding those
of WT infected mice. However, the 5-week point appeared to represent a peak of infection, as the
level of EBV DNA dropped dramatically at 6 weeks pi and was largely undetectable in the peripheral
blood and spleen at sacrifice in E3KO infected hu-mice (Figures 5.9 and 5.10).

The increase in EBV viral load, and subsequent drop in E3KO infected hu-mice is possibly a
result of the interplay between the absence of the oncogenic EBNA3A and EBNA3C, alongside the
absence of the tumour suppressive EBNA3B. EBNA3B-deficient infections in vivo lead to elevated EBV
DNA loads and have increased tumour development, and these tumours lack infiltrating T cells.
Furthermore, in vitro the EBNA3B-deficient virus transforms B cells more readily and secretion of the
T cell chemo-attractant CXCL10 is lower, resulting in reduced T cell recruitment (White et al., 2012).
The absence of EBNA3B in the E3KO infection may be leading to a lack of T cell-mediated immune
surveillance allowing the expansion of EBV infection for a period of time. Furthermore, the loss of all
three of the EBNA3 proteins, which are all immunogenic and targeted by cytotoxic T cells [reviewed
in (Rickinson and Moss, 1997)], could also be resulting in a dampened immune response against the
virus. Following expanse of the virus, possibly due to a lack of immune control or absence of EBNA3B,
it is possible that at a certain point the consequences of the absence of the oncogenes EBNA3A and
EBNA3C may result in a loss of EBV infected cells, mirroring the cell cycle arrest and cell death seen in
vitro in the absence of EBNA3A and EBNA3C (Maruo et al., 2003, 2011, Skalska et al., 2010, 2013). This
would therefore lead to a reduction of EBV infected cells and consequentially an absence or reduction

in identifiable EBV DNA. Although EBNA3 proteins are immunogenic, this theory could be confounded
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by evidence that EBNA3C-deficient tumours in severely immunocompromised mice injected with
3CKO infected cord blood cells show increased T cell infiltration, and increased expression of T cell
genes and chemokines (Romero-Masters et al.,, 2018). It would therefore be interesting to
characterise EBNA3-KO infection in hu-mice with depleted CD4"¢ and CD8"¢ T cells to determine
whether the increase in EBV DNA is a result of a lack of immune control, with T cell depletion shown
toincrease viral load and tumorigenesis (Strowig et al., 2009). It would also be of interest to determine
the percentage of CD4*"® and CD8*¢T cells in E3KO infected mice on a weekly basis over the 6-week
time course, rather than just at sacrifice, to determine whether this correlates with the levels of
identifiable EBV DNA in infected mice.

A number of hu-mice infected with 3AKO, 3CKO or E3KO had identifiable macroscopically
visible splenic tumours (Figure 5.11). This contrasts the findings of Murer et al., in which splenic
tumours were not identified in NSG hu-mice infected with 3AKO or 3CKO, despite the higher amounts
of EBV viruses administered to mice in this study (Murer et al., 2018). However, the presence of
tumours in hu-mice infected with EBNA3C-deficient EBV have been identified in an alternative hu-
mice system, also with reduced efficiency compared to WT infection and delayed kinetics (Romero-
Masters et al., 2018). Here, EBNA3C-deficient tumour development was shown in severely
immunocompromised adult NSG mice injected with CD34 depleted cord blood already infected with
3CKO EBV. This contrasts the method used in this study whereby new-born mice were humanised by
engraftment of CD34"¢ human cells prior to EBV infection of the hu-mice.

As EBNA3C-deficient tumours have been identified in severely immunocompromised mice
humanised with 3CKO-infected CD34*¢ cell depleted cord blood (Romero-Masters et al., 2018), it
would be interesting to determine the phenotype of mice humanised with cord blood infected with
either 3AKO or E3KO, and how this compares to 3CKO infection. The stronger phenotype seen in this
model, in that almost 100% of mice humanised with WT infected cells and 40% of EBNA3C-deficient

mice develop tumours (Romero-Masters et al., 2018), compared to around 50% of WT-infected and
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20% of 3CKO-infected NRG hu-mice in this study, could help reveal further aspects of the combined
and independent functions of EBNA3A and EBNA3C in vivo.

Similarly to infection of hu-mice with WT virus, which is known to result in expansion of CD8*¢
T cells (Strowig et al., 2009; White et al., 2012), infection of hu-mice with 3AKO, 3CKO and E3KO viruses
also saw an increase in CD8™¢ cells in some mice (Figure 5.17), especially in mice presenting with
macroscopically visible tumour development (Figure 5.18). Although this sample size was small and
therefore significance could not be established with confidence, the expansion of CD8*¢ T cells in
some mice infected with 10°> GRU EBV deficient in EBNA3A and EBNA3C was consistent with hu-mice
infected with 10° GRU EBV infectious particles (Murer et al., 2018). EBV-specific T cell responses have
previously been measured in EBV infected hu-mice using cell killing assays and ELISPOT assays
enabling detection of IFN-y production (Ma et al., 2011; Traggiai et al., 2004; Yajima et al., 2008). It
would therefore be interesting to determine whether the elevated CD8* cell levels seen in some mice
infected with 3AKO, 3CKO and E3KO are specific for EBV antigens to confirm an EBV-mediated immune
response to these EBNA3-deficient viruses. Especially as EBNA3A- and EBNA3C-deficient EBV is
thought to persist without elevated lytic replication (Murer et al., 2018); and T cells are thought to
target lytic EBV antigens more frequently than latent antigens in hu-mice, with a greater response
(Strowig et al., 2009).

The persistence of EBV in vivo in the absence of the EBNA3A or EBNA3C oncogenes, and the
absence of the entire EBNA3 locus, indicates they are not vital for EBV infection in vivo despite their
importance in vitro. In vitro, EBNA3A is considered important for transformation and EBNA3A-
deficient LCLs have reduced proliferative capacity (Bazot et al., 2015; Hertle et al., 2009; Maruo et al.,
2003; Tomkinson et al., 1993). EBNA3C is considered essential for primary B cell transformation and
EBNA3C-deficient viruses are unable to establish LCLs (Maruo et al., 2006; Skalska et al., 2010, 2013;
Tomkinson et al., 1993). Despite not being essential for persistence of EBV in vivo, in the absence of
EBNA3A or EBNA3C oncogenes fewer mice presented with identifiable EBV in the peripheral blood

and spleen than WT, and viral DNA levels were lower. In addition, WT infected mice presented with
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significantly more tumour development and splenomegaly. Although EBNA3A and EBNA3C are not
vital for persistence of EBV in vivo, they clearly promote infection with EBV, enhance viral persistence
and promote oncogenic progression.

It is likely in vivo factors are enabling EBV to persist in the absence of EBNA3A and EBNA3C,
as splenic lymphocytes were only able to outgrow when derived from hu-mice infected with WT EBV,
where all EBNA3 proteins were expressed (Figure 5.15). Despite the presence of tumours in the
spleens of 3AKO, 3CKO and E3KO infected mice [which increased the probability of outgrowth in cells
from WT infected hu-mice (Figure 5.16)], no ex vivo LCL-like outgrowth occurred from splenic
lymphocytes from KO infected mice. Murer et al., demonstrated that EBNA3A- and EBNA3C-deficient
CD19*¢ B cells can persist in vitro when CD40-L is provided by feeder cells (Murer et al., 2018). This
indicates that in vivo, T cell-mediated CD40 stimulation of EBV infected cells lacking EBNA3A and
EBNA3C may be supporting persistence of EBV in the absence of these oncogenes. As EBV DNA was
more readily identified in the spleen than the peripheral blood following WT and KO infection of hu-
mice (Figure 5.10), and has been found at higher levels in the spleen and lymph nodes following 3AKO
and 3CKO infection (Murer et al., 2018), it is likely the microenvironment of these secondary lymphoid
organs is aiding EBV persistence in the absence of EBNA3A and EBNA3C.

The similar experiments performed by Murer and colleagues to study EBNA3A and EBNA3C in
vivo utilized an NSG hu-mice model, in contrast to the NRG model used in this study. The NRG hu-mice
model has a Rag mutation instead of the scid mutation found in NSG mice. This may account for the
discrepancy in the identification of tumours, as the mouse models used were not identical. However,
these two models are phenotypically similar, with the only identified difference being NRG mice are
considered more radioresistant than NSG mice. This is as the scid mutation is broadly expressed and
involved in general DNA repair, whereas Rag genes are only involved in DNA recombination of the T
and B cell receptors (Pearson et al., 2008).

Despite the presence of human CD19*¢ B cells in the blood and spleen of hu-mice, some hu-

mice did not present with identifiable EBV DNA in the blood or spleen, or associated pathology
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following infection with an EBV recombinant virus. This leads to the assumption that they remained
uninfected despite intraperitoneal introduction of infectious EBV virus. It may be that the level of EBV
infection is not identified by qPCR analyses, or some mice simply do not get infected. The absence of
EBV related pathology in a number of mice is somewhat similar to EBV infection in humans, as only a
fraction of EBV-infected humans develop EBV-associated tumours. The biology behind this is largely
uncharacterised, although clinical presentation of IM (symptomatic primary infection in adolescence)
is thought to be a risk factor for EBV-mediated tumour development (Hjalgrim et al., 2000).

As baseline procedures were established during the course of these experiments, and
optimisation of systems occurred throughout, some experiments had only a small sample size. This
limits the ability to draw concise conclusions from this work, especially as infection with EBNA3-
deficient viruses has a weaker phenotype than that of the WT. However, persistence of EBV in hu-
mice in the absence of EBNA3A and EBNA3C is evident, and supports the conclusions of the recent
publication also showing EBV persistence without the EBNA3A and EBNA3C oncogenes in vivo (Murer
et al., 2018). Furthermore, for the first time, EBV was shown to persist for 6 weeks in the absence of
all three EBNA3 proteins, leading to splenomegaly, tumour development and expansion of CD8*¢ T

cells in some hu-mice.

5.4.2. Conditional EBV in humanised mice

EBV recombinant viruses with conditional expression of EBNA3A, EBNA3C or both have
revealed various aspects of EBV biology in vitro and provide a valuable system in which EBNA3
expression can be temporally controlled (Bazot et al., 2015; Maruo et al., 2003, 2006; Skalska et al.,
2010; Styles et al., 2017). The ability to conditionally activate, inactivate or reactivate conditional
EBNA3 oncogenes in vivo would enable assessment of the contributions and requirements of EBNA3A
and EBNA3C to EBV-mediated tumorigenesis and pathogenesis.

A cohort of hu-mice were infected with recombinant EBV with conditional expression of
EBNA3A (3AERT2) for 6 weeks. It was thought mice not exposed to the activating ligand HT would be
EBNA3A-null and therefore mirror infection of hu-mice with 3AKO EBV, and mice exposed to the
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activating ligand HT through consumption of TMX-food would exhibit a WT phenotype, due to
activation of the conditional EBNA3A. The results from this small scale, proof of concept experiment
provide merit to the further investigation this conditional system in vivo, with a higher number of mice
required for more robust conclusions.

A mouse with EBV DNA levels comparable to WT following infection with 3AERT2 and
exposure to tamoxifen was identified (Figure 5.22) and evidence of enhanced tumour development
(Figure 5.23) and splenomegaly (Figure 5.24) in 3AERT2 infected hu-mice exposed to tamoxifen
compared to mice not exposed to tamoxifen were found. This supports the hypothesis that tamoxifen
metabolization is producing HT in 3AERT2 infected mice, leading to activation of EBNA3A protein
expression, and therefore a more WT-like phenotype. Furthermore, LCL outgrowth from splenic
lymphocytes was previously only possible from WT infected hu-mice, and no LCL-like clumping or
outgrowth was seen from cell isolated from 3AKO infected mice (Figure 5.15). Splenic lymphocytes
isolated from half of the 3AERT2 infected mice exposed to tamoxifen did exhibit LCL-like clumping ex
vivo (with addition of HT), with full LCL outgrowth established from cells isolated from one of these
mice. This indicates expression of active EBNA3A in the splenic lymphocytes of these hu-mice, and
was therefore consistent with a WT phenotype [(Strowig et al., 2009; White et al., 2012), Figure 5.15].
The phenotype of hu-mice infected with WT EBV was largely unaffected by the consumption or
absence of tamoxifen, although fewer tumours were seen. This indicates the different phenotypes
observed between hu-mice infected with 3AERT2 is a result of the absence or consumption of TMX-
food, which leads to the presence of the activating ligand HT and therefore seemingly active EBNA3A.
However, a bigger cohort of mice is required to confirm this hypothesis.

Western blot or qPCR analysis of the conditional EBNA3 to quantify expression within the
peripheral blood or secondary lymphoid organs of mice infected with 3AERT2 and exposed to
tamoxifen would strengthen the theory that EBV is phenotypically WT in these mice. Especially as
EBNA3 proteins with ERT2 fusions (particularly EBNA3A) have reduced expression compared to WT

untagged EBNA3s (Chapter lll). If the decreased levels of ERT2-tagged EBNA3A seen in vitro are
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consistent in vivo, it may limit the use of this conditional system. Furthermore, it would be of benefit
to know the time frame of exhaustion of the consumed tamoxifen and subsequent time frame of the
inactivation of conditional proteins. /n vitro, suspension of HT addition results in loss of conditional
proteins at around 30-40 days post omission (Chapter IIl). However, quantifying this would require
protein analysis of splenic cells over a time course, and the use of a large number of mice.

Administration of tamoxifen through TMX-food was problematic, with aversion to this
alternative food leading to considerable weight loss. Therefore, alternative methods of administration
could be employed upon expansion of this study. Injection of tamoxifen into transgenic Cre-lox mice
has been shown to activate ER systems (Andersson et al., 2010; Kiermayer et al., 2007). However, as
functional expression of conditional ERT2 fusion proteins requires continuous presence of HT, this
would require daily injections. This is stressful and painful for the mice, and prohibitively labour
intensive, therefore unfeasible. Increasing the palatability of the TMX-food, for example through
introduction of sugar into the wet mix, may increase uptake and therefore possibly conditional protein
activation. Alternatively, if a longer time period is available, a conditioning experiment where the
composition of wet food is progressively altered from higher levels of regular food to higher levels of
TMX-food could be performed to acclimatise the mice to TMX-food prior to infection.

Despite the widespread use of tamoxifen as an anti-cancer agent in humans [reviewed in
(Jordan, 2003)], splenic tumours were identified independently of EBV infection in uninfected mice
fed TMX-food, but not in uninfected mice not exposed to tamoxifen (Figure 5.23). This indicates the
daily use of TMX-food may be inducing splenic tumours in hu-mice over the 6 week time course.
Indeed, use of tamoxifen is associated with elevated risks of endometrial cancers in humans
(Fornander et al., 1989) and daily doses was found to cause malignant liver tumours in rats (Gary et
al., 1993). Alternatively, as this was a very small-scale experiment with mice of the same litters, the
splenic tumours in these uninfected mice could have sporadically developed. Although tamoxifen
induced tumours may skew results in EBV-infected mice, immunohistological staining of tumour

samples to identify EBV proteins such as EBNA2 or LMP1, or EBER RNA in situ hybridisation on splenic
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sections (Ma et al.,, 2017; Murer et al., 2018; Strowig et al., 2009; White et al.,, 2012), would
characterise whether tumour development is a result of EBV infection rather than tamoxifen induced.
Although EBNA3 immunohistochemical staining of splenic sections is not documented in the
literature, if possible, staining for the conditional EBNA3 protein could also possibly help characterise
expression and therefore WT phenotype in mice exposed to tamoxifen.

Although specific conclusions regarding the use of the conditional ERT2 recombinant virus
system in hu-mice is limited by the small sample size, the results gained from this study add merit to

the continued assessment of the feasibility of these viruses in hu-mice.

5.4.3. Expanding analysis of EBNA3-deficient EBV infection in humanised
mice

The research performed in this chapter was primarily done to establish baseline protocols for
the study of EBV in hu-mice, therefore there are many improvements and advances that could be
made following the knowledge gained during these initial experiments, particularly overall expansion
of the study.

Lymphoproliferative lesions have been identified in around 20-30% of hu-mice infected with
WT EBV for 4 weeks (Chijioke et al., 2013). Following 6 weeks of WT EBV infection, tumour
development was identified in 55% of hu-mice (Figure 5.11), consistent with other independent
studies where over 50% of hu-mice developed splenic tumours after 6-8 weeks of EBV infection
(Antsiferova et al., 2014; Ma et al., 2011). This suggests EBV-induced tumour incidence increases over
time. Furthermore, using an alternative mouse model where EBV-infected CD34-depleted cord blood
cells were injected into severely immunocompromised mice, the Kenney lab demonstrate EBV
tumours resulting from an EBNA3C-deficient virus had delayed kinetics (Romero-Masters et al., 2018).
Therefore, although splenic tumours were identified in 3AKO, 3CKO and E3KO infected mice (Figure

5.11), a higher incidence of tumours, and therefore a stronger identifiable phenotype, may result from
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a longer infection period. Extending the time frame of the study may reveal further EBV mediated
tumours in the lack of the EBNA3A and EBNA3C oncogenes, therefore enabling stronger conclusions.

It is also possible EBV can only persist in hu-mice for a shorter amount of time in the absence
of the EBNA3 oncogenes, with EBV persistence in the absence of EBNA3A or EBNA3C shown for only
6 weeks in this study. This is indicated in the elevated levels of EBV DNA identified at 5 weeks pi in
E3KO infected mice, which then becomes largely undetectable by 6 weeks pi in the peripheral blood
and spleen (Figures 5.9 and 5.10). Furthermore, continuously proliferating LCLs could only be
established from splenic lymphocytes derived from WT infected hu-mice (Figure 5.15). Although
persistence of EBV in the absence of either EBNA3A or EBNA3C has been shown at 12 weeks pi, EBNA2
expression was decreased compared to levels at 5-6 weeks pi possibly indicating loss of EBV positive
cells (Murer et al., 2018). It is possible EBV persistence in the absence of the entire EBNA3 locus could
be lost after the 6-week infection time period. This would be more comparable to the situation in
vitro, whereby CD19*¢ B cells infected with EBNA3C-deficient viruses are not transformed into LCLs.
EBNA3C-deficient cells proliferate in culture for around 10-15 days, at which point the consequences
of the loss of EBNA3-mediated gene regulation begins to lead to cell cycle arrest and cell death at
around 20 days pi (Skalska et al., 2013). However, there is a clear discrepancy in the time frames in
vitro and in vivo. The time frame studied may be crucial to further assessing EBV persistence in the
absence of the EBNA3A and EBNA3C oncogenes, with either an elevation of tumorigenesis and EBV
pathogenesis, or loss of persistence possible. The spleens of EBV-infected hu-mice reveal more than
the peripheral blood, in that they exhibit a higher frequency of identifiable EBV DNA, tumour
development and immunohistochemical staining options. Therefore, a large-scale study in which
splenic assessment is performed on a weekly basis in mice infected with either WT or EBNA3-deficient
viruses could help further define EBV persistence in the absence of the EBNA3A and EBNA3C
oncogenes.

It would also be beneficial to expand analysis of EBV infection hu-mice into alternative organs,

particularly the lymph nodes which contain high levels of B cells, and have been shown previously to
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contain EBV DNA at a higher level than the peripheral blood (Murer et al., 2018). Alongside the spleen
and lymph nodes, EBV-mediated tumours have been identified in the kidney and liver (Strowig et al.,
2009; Traggiai et al., 2004; Yajima et al., 2008), therefore EBV DNA load would likely also be identified
in these organs. Expanding immunohistochemistry analysis to these organs as well, as well as to
additional EBV proteins would also be beneficial. Staining for LMP-1 and EBNA2, alongside in situ
hybridisation for EBER RNA, would enable classification of the latency stage of EBV-induced tumours
(Ma et al., 2017, 2015; Murer et al., 2018; Strowig et al., 2009; White et al., 2012). Staining for T cells
antigens including CD3, CD4 and CD8 could also help classify the immune response and infiltration of
T cells into tumours induced by EBNA3-deficient EBV (Ma et al., 2017, 2015; Strowig et al., 2009; White
et al., 2012). In addition, further expanding histological analysis using a double staining method would
enable confirmation and quantification of EBV infected cells undergoing proliferation if stained for
both EBNA2 and Ki67. EBNA3A- and EBNA3C-deficient cells have been shown to proliferate
comparably to WT in vivo by immunofluorescence of EBNA2 and Ki67 (Murer et al., 2018), but this has
not been established for EBV lacking expression of all three EBNA3 proteins.

Expanding analysis of hu-mice mediated immune control to innate responses may reveal
further aspects of EBNA3-deficient infection. NK cells have been shown to control lytic EBV infection,
with loss of NK cells resulting in enhanced IM symptoms and elevated tumorigenesis (Chijioke et al.,
2013). However, mice infected with EBNA3A- and EBNA3C-deficient viruses have been found to persist
in the absence of lytic replication, contrasting WT infected hu-mice who presented with viral DNA in
the serum and BZLF1 positive cells in the spleen (Murer et al., 2018). Therefore, assessment of NK
cells, particularly depletion, in EBNA3A- and EBNA3C-null mice could expand understanding of the
innate immune response to EBV and whether EBNA3 proteins have a role in immune avoidance or as
immunodominant epitopes.

EBV establishes latency in the MBC compartment, which requires progression and
differentiation of B cells through GCs (Babcock et al., 1998). EBNA3A and EBNA3C are thought to

repress PC differentiation to favour MBC differentiation during the GC reaction [Chapter IV, (Styles et
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al., 2017)] and subsequent differentiation of latently infected MBC into PC results in lytic reaction of
the virus (Laichalk and Thorley-Lawson, 2005). The lack of GC centre structures in the hu-mice model
used in this study, and many others, prevents the assessment of this fundamental aspect of EBV
biology due to the lack of class switching and affinity maturation of B cells (Jangalwe et al., 2016; Seung
and Tager, 2013; Watanabe et al., 2009). Consistent with this, the majority of B cells identified in hu-
mice following EBV infection in this study were naive or translational (Figure 5.19). More advanced
models, such as the BLT model which involves implantation of fetal thymic and liver tissues alongside
injection of CD34*¢ cells (from the same donor) into severely immunocompromised mice, do have
rudimentary lymphoid structures containing human lymphocytes (Brainard et al., 2009; Lan et al.,
2006; Melkus et al., 2006). These provide the required microenvironment for enhanced maturation of
T and B cells in these hu-mice models and provide the potential to further study the EBV latency
pathway in hu-mice. However, despite elevated maturation and differentiation, B cells at earlier
developmental stages are still overrepresented in the spleen and bone marrow of BLT mice compared
to adult humans (Brainard et al., 2009). Furthermore, terminally differentiated long lived PCs are not
detected and short-lived plasmablasts are reduced compared to humans (Brainard et al., 2009). In
addition, use of these models is limited due to the requirement of foetal tissues, and surgical facilities
and expertise (Shultz et al., 2012). Further advanced hu-mice models with more representative B cell

populations are still needed to fully model the EBV GC model of persistence in vivo.

5.5. Final conclusions

The most prominent conclusion from this work is that is it possible to generate a mouse model
with human immune system components and infect them with EBV recombinant viruses to study EBV
in vivo. Conclusions from this chapter regarding EBNA3A and EBNA3C in vivo are limited by the small
cohorts of mice used for all experiments. This is as a result of the establishment of protocols and
optimisation of experiments as they were performed for the first time over the course of this study.
Nevertheless, EBV was shown to persist for 6 weeks in the absence of EBNA3A or EBNA3C, and for the
first time it was shown EBV can persist in EBV infected hu-mice in the absence of all three EBNA3
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proteins. In some mice, EBNA3-deficient EBV persistence correlated with tumour development,
splenomegaly and elevated CD8"¢ T cell levels. This indicates that although EBNA3A and EBNA3C are
essential for B cell transformation and LCL maintenance in vitro, they are not vital for EBV persistence
in vivo. Nevertheless, the elevated levels of EBV DNA and EBV-mediated pathology in WT infected
mice indicate that viral persistence is enhanced when EBNA3A and EBNA3C are expressed.

A larger scale experiment is required to fully determine whether conditional ERT2 EBV viruses
can be used in vivo. However, evidence of increase viral load, tumour development and splenomegaly
in mice infected 3AERT2 and exposed to tamoxifen, compared to mice with not exposed to tamoxifen,
suggests a WT-like phenotype and therefore the conditional activation of EBNA3A by tamoxifen. This

indicates the ERT2 system could be used to investigate EBNA3 function in combination with TMX-food.
5.6. Remaining questions

This work was done to establish the feasibility of studying EBV in the hu-mice model, therefore
there are various questions remaining. These include:
1. Why are EBV DNA levels so high in the blood of mice infected with E3KO at 5 weeks pi? And

why do they decrease to almost undetectable levels by 6 weeks pi?

2. Why do some hu-mice get infected with EBV recombinant viruses and present with EBV DNA

in the blood and spleen, whereas other mice do not get infected?
3. Would EBV persist in hu-mice infected with recombinant EBV lacking only EBNA3A and
EBNA3C, rather than all EBNA3 proteins? Would the kinetics of EBV DNA presence mirror that

of E3KO infected mice?

4. Can EBV persist in hu-mice the absence of the EBNA3 oncogenes for longer than 6 weeks?
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What is the composition of EBV infected B cells in humanised mice? Does EBNA3A- and
EBNA3C-mediated repression of the PC differentiation pathway lead to elevated PC
development in E3KO infected mice? Would this be revealed in a hu-mice system with

secondary lymphoid structures and therefore more matured B cells?

Could the GC model of EBV latency be investigated in a more sophisticated mouse model

capable of generating GC and mature MBCs?

Why do uninfected mice fed TMX-food present with splenic tumour development?

Can introduction or withdrawal of TMX-Food allow the controlled activation or inactivation of

conditional EBNA3 genes in the hu-mice model? What would be the time frame of inactivation

or activation of modified EBNA3 expression?
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6. Chapter VI: General discussion on the roles of EBNA3A

and EBNA3C in vitro and in vivo

6.1. Translation of in vitro conclusions to results in vivo

Translation of the results gained from in vitro experiments to the biological complexities of in
vivo studies is imperative in the understanding of pathogens and their associated diseases. Recently,
the development of mice with human immune system components has allowed many aspects of EBV
identified in vitro to be investigated within in vivo humanised mouse model systems. This not only
expands EBV knowledge, but strengthens conclusions and confirmation of hypotheses.

In vitro, EBNA3A is considered important and EBNA3C essential for the efficient
transformation of CD19*'¢ B cells into LCLs (Tomkinson et al., 1993). EBN3A-null LCLs can be produced,
but they have reduced proliferative capacity (Bazot et al., 2015; Hertle et al., 2009). In contrast, in the
absence of EBNA3C, LCLs cannot be produced, and infected cells undergo cell cycle arrest or cell death
at around 3 weeks pi (Maruo et al., 2006; Skalska et al., 2013). The simultaneous absence of both
EBNA3A and EBNA3C was shown to be cumulatively detrimental in vitro to both primary B cells and
LCLs, with cell cycle arrest and cell death occurring at an elevated rate (Chapter Ill).

However, despite the importance of EBNA3A and EBNA3C for cell transformation and LCL
maintenance in vitro, EBV was shown to persist in some hu-mice in the absence of either of the
EBNA3A and EBNA3C oncogenes, and the absence of the entire EBNA3 locus, in hu-mice for 6 weeks
[Chapter V, (Murer et al., 2018)]. This contradicts the critical expression of EBNA3A and EBNA3C in
vitro, and indicates in vivo factors allow the persistence of EBV in the absence of the EBNA3A and
EBNA3C oncogenes. In contrast, the assessment of an EBNA3B-deficient virus in vivo revealed its
tumour suppressive activity, which corresponds to the increased transforming ability of EBNA3B-
deficient viruses in vitro (White et al., 2012). This highlights that in vivo experiments reveal aspects of

biology not captured by in vitro assessment, and are therefore important in the study of EBV. Although
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EBV persistence in the absence of the EBNA3 oncogenes was shown, EBV-mediated pathology was
found at a lower level indicating that, although they are not essential in vivo, EBNA3A and EBNA3C do
enhance viral persistence. Nonetheless, further study is required to determine how EBV can persist in
the absence of the EBNA3A and EBNA3C oncogenes in hu-mice for 6 weeks in vivo, when EBNA3A and
EBNA3C are required for the transformation CD19*'¢ B cells and maintenance of LCLs in vitro.

Specific aspects of EBNA3A- and EBNA3C-mediated gene regulation identified in vitro have
begun to be explored in vivo, such as EBNA3-mediated regulation of the CDKI p16™*4, In vitro studies
have shown EBNA3A and EBNA3C transcriptionally repress p16™? by inducing deposition of the
H3K27me3 repressive mark, mediated by PRC2, at the CDKN2A (p16™4?) locus (Maruo et al., 2006,
2011, Skalska et al., 2010, 2013). The translation of this finding to work performed in vivo was
elegantly shown recently by immunohistochemistry. Here, double immunohistochemical staining of
splenic sections of hu-mice infected with EBNA3A- or EBNA3C-KO recombinant EBV, were shown to
have EBV positive cells with elevated levels of p16™** levels compared to mice infected with WT,
whereby p16™ was repressed by the presence of functional EBNA3A and EBNA3C (Murer et al.,
2018). In a separate system, also using immunohistochemistry, severely immunocompromised mice
humanised by EBV infected cord blood also were shown to have elevated p16™* expression in EBV-
induced lymphomas when EBNA3C was absent, further confirming the in vitro results (Romero-
Masters et al., 2018). In addition, this cord blood system also demonstrated elevated BIM expression
in EBV positive cells in the spleens of mice humanised with 3CKO-infected cord blood cells compared
to WT infected cells (Romero-Masters et al., 2018). This corroborates in vitro findings which have
shown that EBNA3C (alongside EBNA3A) transcriptionally represses BIM by PRC2 mediated deposition
of H3K27me3 (Anderton et al., 2008; Paschos et al., 2012). Furthermore, RNA-seq of the EBNA3C-
deficient tumours derived from cord-blood humanised mice has identified differential regulation of
genes identified as directly regulated by EBNA3C by in vitro experiments (Romero-Masters et al.,
2018). EBNA3C-deficient tumours had reduced AICDA expression [activated by EBNA3C (Kalchschmidt

et al., 2016b)], and significantly increased expression of CDKN2A, COBLL1, ADAMDEC1 and ADAM?2S,

283



which have been identified as targets for EBNA3C-mediated repression in in vitro studies
(Kalchschmidt et al., 2016a; Maruo et al., 2011; Skalska et al., 2010, 2013). The consistency of EBNA3C-
mediated regulation identified in vitro, within an in vivo EBV model, strengthens these hypothesises
and enhances overall knowledge of the virus and its associated diseases.

Further studies assessing expression of other EBV-regulated genes, by double
immunohistochemical staining of splenic sections derived from hu-mice infected with modified EBV
recombinant viruses, and RNA-seq of EBNA3-deficient tumours would be beneficial. This would likely

reveal further aspects of EBNA3A- and EBNA3C-mediated gene regulation.

6.2. Is evidence of EBNA3A- and EBNA3C-mediated suppression of PC

differentiation in vitro recapitulated in vivo?

In vitro, the results in Chapter IV suggest EBNA3A- and EBNA3C-mediated suppression of the
B cell to PC differentiation pathway. In CD19"¢ primary B cells infected with an EBV recombinant virus
where expression of both EBNA3A and EBNA3C was simultaneously inactive, increased mRNA and
protein levels of the PC differentiation associated factors p18'N*4c and BLIMP-1 were seen, indicating
EBNA3A- and EBNA3C-mediated repression. Indeed, activation of p18"N** and BLIMP-1 transcription
could be restrained by the conditional activation of the EBNA3A and EBNA3C oncoproteins during
primary infection. Elevated levels of these PC factors correlated with a PC-like cell surface phenotype
and elevated Ig production in the absence of EBNA3A and EBNA3C. Suppression of PC differentiation
likely favours the alternative MBC differentiation pathway during the GC reaction, and therefore
persistence of EBV in latently infected MBC (Chapter IV, (Styles et al., 2017).

To assess this result in vivo, PC were assessed by flow cytometry for CD138*¢ CD38"&" human
B cells in hu-mice infected with EBV viruses with deletions in EBNA3A, EBNA3C and the entire EBNA3
locus (Chapter V). Unfortunately, despite EBNA3A- and EBNA3C-mediated repression of p18™Nk4and
BLIMP-1, and subsequent suppression of the PC differentiation pathway in vitro, there did not appear

to be an increase in the presence of CD138*¢ CD38"e" PC in hu-mice infected with E3KO virus for 6
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weeks, compared to mice infected with WT EBV. Similarly, Murer et al did not identify an increase in
CD138*"¢ cells in the spleens of hu-mice infected with 3AKO and 3CKO compared to WT when assessed
by immunohistochemistry (Murer et al., 2018), despite an intermediate elevation of p18'N¥ and
BLIMP-1 in some EBNA3A-null and EBNA3C-null cells in vitro (Chapter 1V).

Although the lack of evidence of PC differentiation suppression in WT EBV infected cells in
vivo in this study is disappointing, it is possibly a result of inability to model the EBV GC model of
persistence within the NRG hu-mice model, resulting from an absence of full B cell maturation due to
the lack of human secondary lymphoid structures (discussed in Section 5.4.3). Repression of PC
differentiation by EBV is theorised to promote differentiation of MBC from the GC reaction, therefore
enhancing viral latency. But the absence of secondary lymphoid tissue inhibits the production of
matured MBC and PC, therefore preventing assessment of EBV latency in many hu-mice models.
Utilizing advanced hu-mice models such as the BLT model, where human thymic and liver tissue is
introduced alongside CD34"¢ cells which do generate rudimentary secondary lymphoid structures
(Brainard et al., 2009; Lan et al., 2006; Melkus et al., 2006), may help to illuminate this phenomenon
in vivo. However, even in these more advanced BLT hu-mice models, terminally differentiated long-
lived PC were not identified, and the levels of short-lived plasmablasts were found to be lower than
in adult humans (Brainard et al., 2009). Therefore, advanced hu-mice models with more
representative PC populations, requiring full maturation in GCs, are required to fully determine
EBNA3A- and EBNA3C-mediated repression of PC differentiation in vivo.

The propensity of the identified B cells populations in hu-mice to be EBV positive was not
determined in the flow cytometry assays in this study. Flow cytometric analysis of specifically EBV
positive B cells would aid study of the GC model of persistence and EBV-mediated suppression of PC
differentiation in vivo, to conclusively identify the B cell compartments infected with EBV. In situ
hybridisation using a peptide nucleic acid probe in combination with flow cytometry enabling
detection of EBER has been shown in combination with cell surface markers (Kimura et al., 2009).

However, the fixation step required may limit identification of surface antigens. Nevertheless, the
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ability to quantify EBV infection and simultaneously characterise the phenotype of cell may reveal
aspects of EBV latency if used in combination with advanced hu-mice models.

Alongside advanced flow cytometric analysis, other techniques could be employed to study
the GC model of persistence and EBV-mediated repression of PC differentiation. Double
immunohistochemical staining of EBV proteins, such as EBNA2 or LMP1, alongside PC cell factors such
as the surface antigen CD138 or intracellular BLIMP-1, may identify the absence or presence of EBV
positive PC in the spleens of EBV-infected hu-mice. Furthermore, it is possible RNA-seq of EBNA3KO
tumours could reveal differential expression of genes associated with PC differentiation.

In addition, by injecting 3CKO infected CD34-depleted cord blood into immunosuppressed
adult mice, EBV mediated tumours were found at an elevated level compared to the hu-mice model
used in this study, where mice were humanised by CD34*¢ cells before EBV infection [Chapter V,
(Romero-Masters et al., 2018)]. If this ‘stronger phenotype’ also occurs following injection of E3KO-
infected cord blood into immunosuppressed mice, it may reveal aspects of EBNA3A- and EBNA3C-
mediated repression of PC differentiation.

Despite the lack of evidence of EBNA3A- and EBNA3C-mediated suppression of PC
differentiation in infection models using hu-mice, mice with transgenic expression of EBV proteins do
reveal evidence of EBNA3-mediated PC suppression. Using a Cre-lox mouse model system [described
in (Wirtz et al., 2016)], transgenic expression of EBNA3A in murine CD19*¢ B cells was shown to
suppress the differentiation of B cells to PC (T. Sommerman et al., unpublished). These in vivo results
corroborate with the in vitro discovery of EBNA3A- and EBNA3C-mediated repression of the B cell to

PC differentiation pathway.
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6.3. Thesis summary

The extensive functions of the EBV oncogenic proteins EBNA3A and EBNA3C, encompassing
the critical reprogramming of numerous host genes, are important for EBV persistence and latency.
Determining the molecular mechanisms used by these proteins, and their functions during EBV
infection, gives insight into how this ubiquitous and otherwise largely benign virus can lead to tumour
development in a subset of infected hosts. The main findings of this thesis on the roles of EBV

oncogenic proteins EBNA3A and EBNA3C in vitro and in vivo are summarised below:

1. A recombinant EBV virus was generated in which EBNA3A and EBNA3C are simultaneously
conditionally expressed following fusion of an estrogen receptor to both genes, making functional
expression dependent on the activating ligand HT:

a. Infection of primary B cells with the newly constructed double conditional 3A3CERT2 virus
revealed absence of both EBNA3A and EBNA3C results in a more extreme phenotype, with
elevated cell death and reduced proliferation compared to when either EBNA3A or
EBNA3C are expressed independently; this suggests independent and non-redundant
functions alongside their overlapping roles.

b. Loss of EBV-mediated regulation of CDKI was more profound in cells with simultaneously
non-functional EBNA3A and EBNA3C, suggesting an overlap in EBNA3A- and EBNA3C-

mediated repression of these cell cycle associated factors.

2. Infection of CD19*¢ primary B cells with the double conditional 3A3CERT2 EBV virus revealed
EBNA3A- and EBNA3C-mediated repression of the B cell to PC differentiation pathway:
a. EBNA3A and EBNA3C were found to repress the CDKI and PC differentiation factor
p18'NK4¢ and the master regulator of PC differentiation, BLIMP-1.
b. EBNA3A- and EBNA3C-mediated repression of p18™¥4¢ and BLIMP-1 appeared to be

regulated differently to each other and from the well-established reversible regulation of
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the CDKI p16™% in that repression was irreversible in newly established LCLs, but
repression of BLIMP-1 became reversible in LCLs cultured for over 6 months.

c. Concurrent with elevated levels of the PC differentiation factors p18'"N**‘and BLIMP-1, the
presence of PC cell surface markers and elevated Ig expression were identified in
EBNA3A/EBNA3C-null cells at 20 days pi by flow cytometry, indicating progression along

the PC differentiation pathway in the absence of EBNA3A and EBNA3C.

An NRG mouse model engrafted with human immune system components was established and
shown to be permissive to infection with the human lymphotropic EBV. Base-line protocols for

the study of EBV in vivo were developed.

Infection of hu-mice with recombinant EBV containing a deletion in either EBNA3A and EBNA3C,
or a deletion in the entire EBNA3 locus, revealed:

a. EBV can persist in hu-mice for 6 weeks in the absence of the oncogenic EBNA3 proteins,
with the presence of EBV DNA in the blood and spleen established by gPCR and EBNA2
positive cells identified in the spleen by immunohistochemistry.

b. EBV DNA levels were found to be highest in E3KO-infected hu-mice at 5 weeks pi, levels
then dropped considerably at 6 weeks pi, indicating kinetics distinct from infection of hu-
mice with 3AKO and 3CKO.

c. Hallmarks of WT EBV infection of hu-mice (tumour development, splenomegaly and
elevated CD8* T cell levels), were identified in some hu-mice infected with EBNA3-KO
viruses but at a lower level. This indicates that although EBNA3A and EBNA3C
oncoproteins are not required for EBV to persist for 6 weeks, they enhance viral

persistence and therefore establishment of latency.
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d. Evidence of EBNA3A- and EBNA3C-mediated repression of the PC differentiation pathway
in EBV infected hu-mice was not seen by flow cytometric analysis of PC, likely due to the

absence of B cell maturation in the humanised mouse model.

5. The viability of using conditional ERT2 recombinant EBV viruses in hu-mice models was assessed
using selective introduction of food impregnated with tamoxifen to deliver the activating ligand
HT:

a. Although conclusions were limited by the small-scale of the experiment, mice infected
with 3AERT2 and fed TMX-food had elevated tumour development and splenomegaly,
and one had comparable EBV DNA levels to WT infected mice, indicating TMX-food was
activating the conditional EBNA3A resulting in a WT-like phenotype.

b. Some uninfected hu-mice developed splenic tumours when fed the TMX-food, suggesting
daily administration of tamoxifen may be tumorigenic, therefore skewing assessment of

EBV-induced tumours.
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8. Appendix

BssHII (619)
HindIII (683)

BglIl (1407)

(11,318) BssHII

(11,264) NotI 8glll (2290)

BssHIT (2919)
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pIY07.1
13,487 bp

(8627) Bglll

(7266) Xbal

Figure 8.1. Map of pJY07.1 and restriction digest sites used for the generation of the 3A3CERT2 EBV-
BAC. pJY07.1 was used as the source of the EBNA3 genes for the construction of the 3A3CERT2 EBV-
BAC as detailed in Chapter lIl.

(35) Nhel BamHI (74)

p8195.1

1992 bp

Figure 8.2. Map of p8195.1 and restriction digest sites used for the generation of the 3A3CERT2 EBV-
BAC. p8195.7 was used as shuttle vector during the early stages of 3A3CERT2 EBV-BAC construction
as described in Chapter lll, due to multiple cloning sites and ampicillin resistance.
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(29) HindIII BssHII (54)
NotI (84)

pRP004.7

2000 bp

Figure 8.3. Map of pRP004.7 and restriction digest sites used for the generation of the 3A3CERT2
EBV-BAC. pRP004.7 was used as shuttle vector during the early stages of 3A3CERT2 EBV-BAC
construction as described in Chapter lll, due to multiple cloning sites and ampicillin resistance.

(5850) Spel

(5652) BssHII

pQB-01
6372 bp

BssHII (2095)

BssHII (2864)

Figure 8.4. Map of pQB-01 and restriction digest sites used for the generation of the 3A3CERT2 EBV-
BAC. pQB-01 was used as a source of the ERT2 gene for the construction of the 3A3CERT2 EBV-BAC as
detailed in Chapter Il
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Figure 8.5. Map of pQB-02 and restriction digest sites used for the generation of the 3A3CERT2 EBV-
BAC. pQB-02 was used as a source of the ERT2 gene for the construction of the 3A3CERT2 EBV-BAC as

detailed in Chapter lIl.

Xbal (1268)
BsSHIL (1284)

p4a487.1

5871 bp

Figure 8.6. Map of p4487.1 and restriction digest sites used for the generation of the 3A3CERT2 EBV-
BAC. p4487.1 was used as a shuttle vector for insertion of modified EBNA3 genes into the E3KO BAC
to create the 3A3CERT2 EBV-BAC as detailed in Chapter IIl.
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